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Abstract 
The world energy crisis and global warming call for a reduction of energy consumption. High 
speed rail, increasingly viewed as an effective solution to inter-city passenger transportation 
challenge of the 21
st
 century, has the significant ability of increasing passenger capacity and 
reducing journey time. 
The advent of high speed rail provided many research opportunities. So far studies have been 
contributed from different perspectives: economical, environmental, and technical. The main 
research gaps are: addressing the problem of the effects of route geometry on train energy 
consumption and quantifying the contributing factors towards differences in energy 
consumption between different types of high speed trains. In addition, this energy assessment 
cannot be based solely on the energy consumption in the operation phase. In the life cycle 
assessment of the whole railway system, the vehicle evaluation is relatively straightforward, 
but the infrastructure raises many difficult issues. 
In this thesis, an existing approach for modelling the traction energy of electric trains is 
developed and extended to simulate the train operation under different driving strategies. 
Baseline simulation is carried out to estimate the journey time and energy consumption of a 
High Speed 2(HS2) reference train running on the London-Birmingham proposed high speed 
route. The influence of route geometry and train configuration on energy consumption is 
investigated, based on the metric of energy consumption per passenger kilometre. 
Simulations are also carried out of different types of high speed rolling stock running on the 
proposed HS2 route, to identify the key areas of vehicle design which help to minimise the 
energy consumption of high speed rail travel. 
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The life cycle assessment of railway infrastructure is carried out in four stages of a whole life 
cycle: production, operation, maintenance and disposal, the influence of route parameters on 
life cycle cost is also investigated. More than 80% of the life cycle energy consumption 
comes from construction for both ballast track and slab track, at high/low traffic loads. 
Finally, high speed rail is compared with competing modes of transport, i.e. the aircraft, the 
automobile and the conventional train, in both operational energy efficiency and whole life 
cycle analysis. The high speed rail transportation has great advantage over the road and air 
transport, giving a reduction of carbon emission by roughly 95%, among which the operation 
stage contributes the largest reduction. 
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Chapter 1: Introduction 
 
 
 
An overview of the development of worldwide high speed rail systems is given. The issues of 
energy and climate change and their relation to transport are described and the research 
background of the thesis is stated. Methods to reduce the energy demand for high speed rail 
are discussed. The aims of the thesis are set out before its approach is described. Finally, the 
structure of the thesis is summarized. 
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1.1 High Speed Rail Systems around the World 
Since the first high speed rail system the Shinkansen opened in Japan in 1964, high speed rail 
has been expanding through Europe, USA and East Asia. High speed rail has dramatically 
improved inter-city transport all over the world in the last 50 years. At present, 13 countries 
in the world operate modern high speed rail lines (defined as capable of sustaining speeds of 
greater than 250kph).  
 
Figure 1.1: World distribution of high speed rail 
i
 
                                                          
i
 Updated 1st April 2013. Lines or sections of lines in which operation v > 250 km/h. The area of the icon is 
proportional to the length of the railway, i.e. larger icons correspond to longer railways. Source of data: High 
speed rail by country, <http://en.wikipedia.org/wiki/High-speed_rail_by_country> 
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Figure 1.2: Development of high speed rail since 1955 
Britain’s existing high speed rail (HS1) connects St. Pancras International Station in London 
with Kent, the Channel Tunnel and Europe. The proposed construction of a new UK high 
speed line (known as HS2) has generated considerable recent interest, and it has been seen as 
a revival of the Victorian railway systems in Britain. HS2 will be a high-capacity railway, 
designed to standard European high-speed specifications and making use of technology 
successfully developed in other countries like France, Germany and Japan.  
The construction of HS2 is proposed to offer connections from London to the West Midland 
(Phase 1), from West Midlands to Manchester and Leeds (Phase 2), and potentially 
the central belt of Scotland. Now consultation on Phase 1 has been completed and the route 
of Phase 1 has been published, the process of gaining parliamentary approval will begin 
shortly, for a planned opening of the new tracks between Birmingham and London by 2026. 
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Figure 1.3: HS2 route plan
ii
 
The advent of high speed rail provided many research opportunities. So far studies have been 
contributed from different perspectives: economical, environmental, and technical.  
Some characteristics of the HSR services generally were discussed from an economic 
viewpoint
[1]
, which developed an empirical framework that could help to understand the cost 
and demand sides of this transport alternative.  
Life cycle energy analysis (LCEA) is usually used to analyse environmental problems of 
products or activities over their whole life. LCEA is an approach in which all energy inputs to 
a product are accounted for, not only direct energy inputs during operation, but also all 
energy inputs needed to produce components, materials and services needed for the 
manufacturing process. 
[2]
 Chester and Horvath
[3]
  published the study of the California HSR 
system that examined HSR construction and operation from a life cycle perspective. Chang 
and Kendall 
[4]
estimated the life cycle greenhouse gas inventory for construction of high-
                                                          
ii
 Map of HS2 <http://en.wikipedia.org/wiki/High_Speed_2#mediaviewer/File:UK_high_speed_rail_map.png> 
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speed rail infrastructure from San Francisco to Anaheim. Other issues about some 
components of railway system have also been discussed. 
[5]
 
[6]
  
Regarding technical problems, extensive studies were conducted in aspects of infrastructure, 
rolling stock and high speed train operation: to develop a train and track that could maintain 
stability and the comfort of passengers
[7]
 
[8]
, and avoid an increase in noise and vibration to 
areas adjacent to the line
[9]
 
[10]
. 
The PhD project on which this thesis is based focuses on the energy aspects of high speed 
trains. A general overview of world energy situation is given before the ways to reduce 
energy demand for high speed train are discussed. 
 
1.2 General Overview of World Energy Development  
All natural processes and all human activities involve transformation of energy. Civilization’s 
advances can be seen as a quest for increased food harvests and greater life qualities 
accompanied by a rising world population. These factors are associated with higher energy 
use. Outlining the milestones of this history in terms of the step change due to Industrial 
Revolution is fairly straightforward. 
[11]
 
1.2.1 Step change due to Industrial Revolution 
The primitive man found in Africa about a million years ago-who had not yet discovered fire, 
had access only to the food he ate, so his annual energy consumption is estimated to be 
approximately 850 kWh. Energy consumption of the hunting man in Europe about 100 
centuries ago was about 2.5 times (2MWh) that of the primitive man, mainly because he had 
better methods of acquiring food and he learnt to burn wood for both heating and cooking. 
Energy consumption increased again by almost 2.5 times (5MWh) as human beings evolved 
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into the primitive agricultural man of around 5,000 years ago, who managed to domesticate 
animals as well as grow crops. 1500 years later, the advanced agricultural man in north-
western Europe again doubled the amount of energy consumption (10 MWh) as he began to 
make use of the power of wind and water, to utilize small amount of coal for heating and to 
harness animals to provide transportation. By 1875, the start of the age of industrialization 
caused three times increase in energy consumption (30 MWh). The steam engine enabled 
human beings to unlock the Earth's vast storage of solar energy - coal, gas and oil. Whereas 
the increase in energy consumption had been gradual and slow throughout the long human 
history, once the industrialization occurred, the rate of consumption increased dramatically 
over a period of just a few generations. 
Table 1.1: Yearly energy consumption per capita 
[12]
 
(MWh) Primitive 
Man 
Hunting Man Primitive 
Agricultural 
Man 
Advanced 
Agricultural 
Man 
Industrial 
Man 
Food 0.85 1.3 1.7 2.5 3 
Home and 
Commerce 
 0.85 1.7 5.1 14 
Industry and 
Agricultural 
  1.7 3 10 
Transportation    0.42 5.9 
Total 0.85 2.15 5.1 11.02 32.9 
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 Figure 1.4: History of world energy consumption
iii
 
As is shown in Figure 1.4, world energy consumption has remained low and stable in most of 
human history in spite of a slight rise due to world population increase. This situation lasted 
until the industrial revolution, which is a period from the 18th to the 19th century initially in 
the UK and Western Europe, where major changes in agriculture, manufacturing, 
transportation, and technology had a profound effect on the social, economic and cultural 
aspects of the times, and that led to a sharp rise in energy consumption both locally and 
eventually worldwide. In 1970s, the technical revolution brought us about new inventions and 
technologies which helped to improve our life qualities a lot, but resulted in a steady increase 
in energy consumption as well.  
                                                                                  
The equation above points out two general explanations to the increase of total energy 
consumption: either the rising of energy consumption per capita or the increasing of the 
number of people.  
                                                          
iii
 Source of data: energy consumption data before 1850 is acquired by multiplying energy consumption per 
capita (from Table1) by world population, population data is taken from Atlas of World Population History
[3]
; 
energy consumption from 1850 onwards is from “Addressing the Global Energy Challenge” [4] 
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The world population has experienced continuous growth since the end of the Great Famine 
and Black Death in 1350, when it stood at around 370 million. 
[13]
 The highest rates of 
growth – global increases above 1.8% per year – were seen briefly during the 1950s, and for 
a longer period during the 1960s and 1970s. The growth rate peaked at 2.2% in 1963, and had 
declined to 1.1% by 2009. 
[13]
 As of today, it is estimated to be 7 billion by the United States 
Census Bureau. According to a separate estimate by the United Nations, it has already 
exceeded 7 billion.
[13] 
Many problems, such as rising levels of atmospheric carbon dioxide, 
global warming, and energy crisis, are aggravated by the population expansion. 
 
Figure 1.5: World population from 10,000 B.C. to 2000 
[8]
 
Some countries (mainly in Eastern Europe) are experiencing negative population growth, 
which indicates that the population is decreasing. These countries include Russian Federation, 
Germany, and Hungary etc. Does the energy consumption of these countries decrease as the 
negative population growth rate? 
Table 1.2:  Population and energy consumption of countries with negative population 
growth 
Countries Population in 
2000(million) 
Population in  
2010(million) 
Energy consumption 2000 
(×10
3
TWh) 
Energy consumption 
2010 (×10
3
TWh) 
Russian 
Federation 
146.30 141.75 7.22 8.04 
Germany 10.21 10.01 0.27 0.27 
Hungary 82.21 81.70 3.86 3.72 
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As is shown in Table 1.2, total energy consumption in Russian Federation and Hungary 
increased 11.4% and 1.87% respectively, despite the decrease in population, which indicates 
a rising per-capita energy consumption trend. However, in Germany, total energy 
consumption decreased with the reduction in population, but the decreasing rate of population 
is greater. 
As the world population is growing, energy consumption per capita keeps rising in most 
countries, both of which lead to the rapid increase in energy consumption in recent decades. 
In the year 2010, the world’s prime energy consumption was about 1.4x 105 TWh. However, 
the total energy consumption is very unevenly distributed all over the world.  
The major countries with the biggest per-capita energy consumption are Canada, the USA, 
and Australia. Among European countries, the United Kingdom is on an average level. China, 
although the largest energy consumption country because of its population, has an energy 
consumption per capita that is just around the world average. India’s per-capita energy 
consumption is less than one third the world averages. Moreover, it’s worth noting that much 
of the industrial energy consumption of China and India is associated with the manufacturing 
of products for developed countries. 
The map below shows how uneven this is by calculating the energy consumption per capita 
in different continents or countries. The energy consumption per capita in North America can 
be 23 times as much as that in Africa. 
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Figure 1.6: Uneven distribution of worldwide energy consumption 
Based on the data of remaining non-renewable resources at the end of 2010, if everyone in 
the world consumes as much energy as the residents in the US, and if we merely rely on non-
renewable resources (oil, natural gas, coal) the non-renewable resources will only be able to 
assist us for a couple more years, and we will encounter energy crisis very shortly. Figure 1.7 
is a schematic diagram showing this tense situation: if we transfer all the non-renewable 
resources in equivalent of kWh, and divide the kWh equivalent by world energy consumption 
at a US citizen level, we will come to the conclusion that the non-renewable resources can 
only be in service for 16 years. 
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Figure 1.7: Non-renewable resources energy crisis at a consumption level of US citizen 
Climate change is blamed on several human activities, but it is widely accepted that the 
biggest contributor to climate change is the increase in greenhouse effect produced by carbon 
dioxide (CO2).
[14] 
Human fossil-fuel burning causes carbon dioxide concentrations to rise, 
which increases the greenhouse effect accompanied by average global temperatures rising 
(and many other effects). 
Figure 1.8 shows measurements of the CO2 concentration in the air from the year 1000A.D. 
to the present. We can safely come to the firm conclusion that carbon dioxide concentrations 
are rising. And the trend became rather obvious since the start of industrial revolution, when 
James Watt patented his steam engine in 1769, see Figure 1.9. In the 30 years from 1769 to 
1800, Britain’s annual coal production doubled. After another 30 years (1830), it had doubled 
again. The next doubling of production-rate happened within 20 years (1850), and another 
doubling within 20 years of that (1870).
[14] 
The Industrial Revolution rapidly spread to other 
countries, causing rapid increase of energy use. British coal production peaked in 1910, but 
meanwhile world coal production continued to double every 20 years. 
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Figure 1.8: Carbon dioxide CO2 concentrations (in parts per million) for the last 1100 years 
[14] 
 
Figure 1.9: The history of UK coal production, Saudi oil production, world coal production, 
world oil production, and (by the top right point) the total of all greenhouse gas emissions in the 
year 2000 [14] 
1.2.2 The Kyoto Protocol 
The Kyoto Protocol is an international agreement linked to the United Nations Framework 
Convention on Climate Change (UNFCCC), which commits its Parties by setting 
internationally binding emission reduction targets.
 [15]iv
 As part of the Kyoto Protocol, many 
developed countries have agreed to reduce their overall emissions of such gases by at least 5% 
                                                          
iv
 It is not clear exactly what is meant by “international binding emission reduction target”. 
2000 1800 
398       Mar. 2014 
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below the 1990 level during the commitment period of 2008 to 2012, and the second 
commitment period applies to emissions between 2013 and 2020. The Parties committed to 
the protocol, however, don’t include some countries with huge greenhouse gas emissions, e.g. 
the United States and China. 
Under the Protocol, countries are subject to meeting their targets primarily by national 
measures. However, the Protocol also offers them additional means to meet their targets 
through three market-based mechanisms: International Emissions Trading
v
, Clean 
Development Mechanism
vi
 and Joint implementation
vii
. 
 
Figure 1.10: Greenhouse gas emissions from Annex I Parties, 1990, 2000 and 2008 
(including LULUCF
viii
) 
[15]
 
Total aggregate GHG emissions including emissions/removals from land use, land use 
change and forestry (LULUCF) from all Annex I Parties all together decreased from 17.5 
 
to 
                                                          
v
 The emissions trading allows countries that have emission units to spare - emissions permitted them but not 
"used" - to sell this excess capacity to countries that are over their targets. 
vi
 The clean development mechanism allows a country with an emission-reduction or emission-limitation 
commitment under the Kyoto Protocol (Annex B Party) to implement an emission-reduction project in 
developing countries. 
vii
 The joint implementation mechanism allows a country with an emission reduction or limitation commitment 
under the Kyoto Protocol (Annex B Party) to earn emission reduction units from an emission-reduction or 
emission removal project in another Annex B Party, each equivalent to one tonne of CO2, which can be counted 
towards meeting its Kyoto target. 
viii
 LULUCF = land use, land-use change and forestry 
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15.6  thousand Tg (1 × 10
15 
g) of carbon dioxide equivalent, a decline of 10.9%, in the period 
1990–2008.Total aggregate GHG emissions from Annex I Parties fell sharply (3.0 % 
decrease including LULUCF) between 1990 and 2000, as large emission reductions in EIT 
Parties
ix
 (as a result of their economic restructuring) offset emission increases in non-EIT 
Parties
x
 greatly.  
      
Figure 1.11(a): Greenhouse gas emissions by sector from Annex I Parties  
[15]
 
 
Figure 1.11(b): Changes in greenhouse gas emissions by sector from Annex I Parties 
[15]
 
Emissions from all sectors decreased during the 1990–2008 period, the greatest decrease 
occurred in the agriculture sector (-20.0%), followed by industrial processes (-14.9%), waste 
(-8.7%) and energy (-3.5%). In the relatively small change in the emissions from the energy 
sector, emissions from transport decreased the most (-14.0%), followed by emissions from 
energy industries (primarily electricity and heat production) (- 3.1%). 
                                                          
ix
 EIT Parties = Parties with economies in transition 
x
 non-EIT Parties = Parties that do not have economies in transition 
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1.3 Literature Review: Reduce demand for energy 
In 2010, about 30% of world energy consumption goes to transport; and in some regions this 
figure is even higher, for instance, transportation share of North America energy use is at 40% 
high. Global warming has been identified as one of the most important problems facing 
humans in the 21st century. Currently, some 6 GT of CO2 are emitted each year as a result of 
the combustion of fossil fuels, and a large fraction of these emissions originate from the 
transportation sector(Transportation share of world CO2 emissions has gone up to 25% in 
2005, and reduced a little bit afterwards). In general, worldwide CO2 emissions coming from 
transportation keeps going up since 1971. 
 
Figure 1.12: Regional energy consumption by sector in year 2010 
xi
 
Compared with other transportation systems, the specific energy consumption of railways is 
extremely low. Consequently, this tremendous advantage over the other systems is 
highlighted in many publications.  
                                                          
xi Other includes: residential, commence & public service, agriculture, fishing etc. 
  Non-energy use covers those fuels that are used as raw materials in the different sectors and are not consumed 
as a fuel or transformed into another fuel. 
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The railways have proven their excellent position in comparisons of the resulting carbon 
dioxide emission per ton km and passenger km for freight and passenger transport 
respectively 
[12]
. These specific emissions are nearly directly coupled to the specific energy 
consumption with the small exception of the energy mix between fossil, nuclear and 
renewable plants in energy generation. 
 
Figure 1.13: World CO2 emissions from transport sector since 1970
 
The energy efficiency of railway vehicles is already at a very high level today, so the 
possibilities of further improvement of energy consumption are very limited. However, some 
improvements are still possible. It is pointed out in German Railway Environmental Report 
Figure1.14: Carbon dioxide emissions 
for long-distance travel per passenger 
kilometre 
[12] 
Figure1.15: Carbon dioxide emissions 
for long-distance travel per freight 
kilometre 
[12] 
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[14]
 that the German rail transport sector reduced the energy consumption in passenger traffic 
by 15 percent and in cargo by 19 percent between 1990 and 2000, mainly through the 
development of materials and driving strategies. 
The future of rail transport will be characterized by competition under cost pressure and by 
environmental compatibility with other carriers. This means that rail transport must continue 
to maintain its good position compared with the competitor systems, which, for their part, 
will endeavour to improve their positions too. Therefore, the possible improvements 
concerning energy consumption of rail transport will be shown. 
However, the mission of energy saving and emission reduction cannot merely fall on 
transport, of course not only on railways. But what contributions can transport or more 
specifically, railway make to help to reduce energy consumption and CO2 emissions to a low 
level? Discussion of the railway technical literature and the efforts aiming to reduce the 
energy demand of railways were given in the next section. 
Technologies to reduce the demand for energy are reviewed in the following aspects:  
Weight reduction. Reduced weight results in reduced running resistance, the energy required 
to move the vehicle is thus decreased. Acceleration and braking energy are reduced and the 
“footprint” of the train is lightened, thus reducing maintenance requirements. (It should be 
noted that the latter benefit may be environmentally more significant than the energy saving.) 
Eco-driving. Adjust the driving strategy according to motor characteristics and route 
geometry, to avoid unnecessary acceleration and reduce energy consumption. 
Reduction of aerodynamic drag. Aerodynamic drag is the dominant resistance in the train’s 
high speed running. Aerodynamic-friendly design contributes to energy reduction. 
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Regenerative braking. The braking energy is fed back to the transmission line for other uses 
instead of being dissipated as heat. The energy saved by regenerative braking is typically 20% 
of the total energy consumption; the regeneration efficiency varies depending on the 
regenerative receptivity (usually 70-80%) and route geometry. 
This section focuses on the methods to reduce energy demand only, ways to improve energy 
efficiency (more efficient traction chain, lighting, air-conditioning etc.), though important, 
are not discussed here. 
 
Figure 1.16: Methods to reduce demand for energy 
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1.3.1 Weight Reduction
xii
 
Carbody structural lightweight design 
A sandwich construction, which consists of two thin facing layers separated by a thick core, 
offers various advantages for design of weight critical structures. The aluminium honeycomb 
core has excellent properties with regard to weight savings and fabrication costs.
[16]
 
Extruded aluminium alloy body structure. The selection of carbody materials is always a 
balance between gaining better performances and lowering the cost, the manufacturing ability 
needs to be considered as well. Owing to its excellent properties such as high strength-to-
weight ratio, aesthetics and recyclability, aluminium alloys are now in widespread use around 
the world replacing the traditional materials (e.g. stainless steel and steel) for the construction 
of rail vehicles. 
The extruded aluminium alloy body structured train is about two-thirds of the gross weight of 
the steel train while preserving stiffness values within acceptable limits.
[17]
 In addition, 
aluminium has the advantages of corrosion resistance and durability; thus, it provides low 
maintenance cost and long service life.
[18]
 
[19]
 
Composite materials. Composite materials have been widely applied in rail vehicle cabs and 
interior components such as seats and panelling due to their superior mechanical properties. 
They are lightweight, durable and readily moulded to aerodynamic shape. 
[20]
 
A glass fibre composite foam sandwich structure is considered for the structural design of the 
front shield of a high speed train. The impact test shows the composite shield could represent 
an interesting alternative to metallic shields, allowing for a significant weight reduction, 
while the overall energy absorption is expected to satisfy the application requirements.
[21]
 
[22]
 
                                                          
xii
 An appropriate  
       
     
 sensitivity is calculated in shown in Chapter 3, Page 105, Table 3.2  
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Motor lightweight 
It is axiomatic that true high speed trains will be powered by electricity. A key part of the 
equipment of the train is that used to convert the electrical energy supplied at the current 
collector to the mechanical energy used at the wheel / rail interface. While all electric motors 
serve the same function of converting electrical energy into mechanical energy, they are 
powered, constructed and controlled differently.  
In a typical AC motor, a rotating magnetic field is produced in the stator. The speed of this 
rotating field is called the synchronous speed and is determined only by the frequency of the 
power supply and the number of poles of the machine. A synchronous motor is one in which 
the rotor rotates at the same speed as the rotating magnetic field in the stator. An 
asynchronous motor is one in which the rotor rotates at a speed slower than the synchronous 
speed.
[23]
 The permanent magnetic synchronous motor (PMSM) uses permanent 
magnets rather than windings in the rotor. The revolution of light-weighting of motors is 
dependent on the development of new magnetic materials etc. 
The achievements of the effort in decreasing the mass of tractions motors are well illustrated 
in Table 1.3 and Figure1.19. 
 
Figure 1.17: The aluminium honeycomb core 
[16] Figure 1.18: Composite material front shield 
[21]
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Table1.3: Comparison of weight and power characteristics of traction motors on high speed 
trains
[24]
 
[25]
 
[26]
 
[27]
 
 Shin. 0 Shin. 
300 
Shin. 
N700 
ICE1 TGV-A AGV Lightweight 
PMSM 
Motor power 
output (kW) 
185 300 305 1200 1100 770 305 
Motor weight 
(kg) 
876 390 394 1980 1450 740 276 
Weight/power 
(kg/kWh) 
4.74 1.3 1.29 1.65 1.32 0.96 0.90 
Motor type DC 
motor 
Asyn. 
motor
xiii
 
Asyn. 
motor 
Asyn. 
motor 
Syn. 
motor
xiv
 
PMSM
xv
 PMSM 
 
 
Figure 1.19: Comparison of traction motors of Shinkansen EMU 
[24]
 
(From left: DC motor, Asynchronous motor, PMSM) 
The weight/power ratio of the motor is an important factor in evaluating the energy-saving 
potential. The standard weight/power value of the traction motor on high speed trains is 
around 1.30 kg/kW, and the PMSM is to-date the world’s lightest traction motor on high 
speed trains. 
[24]
 
 
 
                                                          
xiii
 Asyn. motor – Asynchronous motor 
xiv
 Syn. motor – Synchronous motor 
xv
 PMSM – Permanent magnetic synchronous motor 
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Bogie lightweight 
The weight of the bogie makes up approximately 37% of the total vehicle weight. Therefore, 
reducing the weight of the components making up the bogie system is essential for 
lightweight railway vehicle design. In particular, a bogie frame, which accounts for 
approximately 20% of the bogie weight, is intended to support heavy static and dynamic 
loads.
[28]
 Using composite bogie frame instead of steel frame is able to reduce the bogie 
weight while maintaining the mechanical properties. 
 
Figure 1.20: The conventional bogie frame (a) and the composite bogie frame (b) for the 
urban subway train 
[28]
 
Axle lightweight 
The reduction of axle load can decrease the damage on infrastructure, thus reducing the 
maintenance cost. Several contributions towards the lightweight of train axles have been 
made recently, including the manufacturing of hollow axles. 
1.3.2 Reduction of Aerodynamic Drag 
In the open air without any cross-wind effects, the total drag on the traveling train can be 
expressed by a sum of the aerodynamic and mechanical ones, known as the Davis equation 
resistance: 
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Where DA and DM are the aerodynamic and mechanical drags, respectively; a, b and c are the 
constants to be determined by the experiment, V is the train speed and W is the train weight. 
In Equation 1-1, the mechanical drag, being proportional to the train weight, includes the 
sliding drag between rails and train wheels, and the rotating drag of the wheels.  
 
Figure 1.21: Resistance of a running train on a flat straight track 
Compared with the open air traveling, the aerodynamic drag can considerably increase as the 
train passes through a tunnel.
[29]
 This is because the train-induced flows increase the pressure 
by interacting with the tunnel walls. 
The aerodynamic drag is dependent on the cross-sectional area of train body, train length, 
shape of train fore- and after-bodies, surface roughness of train body, and geographical 
conditions around the traveling train. In this case, the aerodynamic drag can be expressed 
as
[30]
: 
   
 
 
     (    
  
  
 )                                                  
Where V is the train speed, ρ the density of air, A' the cross-sectional area of train, Cdp the 
coefficient of the pressure drag caused by the fore- and after-bodies of train, d' the hydraulic 
diameter of train, l the train length, and λ' the hydraulic friction coefficient caused by the 
connecting parts between trains, pantographs and the structures under the train , etc. 
C=resistances 
that vary as 
the square of 
speed 
(affected by 
aerodynamics 
of the train) 
A= resistances that vary with axle 
load (includes bearing friction, 
rolling friction and track resistance) 
B= resistances that vary directly with 
speed (primarily flange friction and 
effects of sway and oscillation) 
C C C C 
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In Equation 1-2, Cdp can be obtained by wind tunnel experiment. Using the real train entering 
into the tunnel, Hara
[31]
 reported that λ' could be obtained by the pressure rise on the train 
body, when it enters into tunnel. 
Of the total aerodynamic drag, the drag on the train body is typically about 80%, the drag on 
pantograph system and other devices over the train accounts for 17%, and the rest 3% is due 
to the mechanical drag caused by the brake system, etc.
[32]
 
Figures 1.22 and 1.23 present the aerodynamic drag on the Germany ICE
[33]
. The type of the 
ICE, its cross-sectional area and aerodynamic drag is indicated in Figure 1.22. The type a 
train has a cross-sectional area of 14.61 m
2
 and is assumed that its aerodynamic drag is 100%. 
For the trains of different types and cross-sectional areas, relative aerodynamic drag is given 
based on the train of type a. Each portion of the contributions of the fore- and after-bodies of 
train, the connecting part between trains, the train wall surfaces, the pantograph system, etc. 
to the total aerodynamic drag is given in Figure 1.23.  
Figure 1.23: Aerodynamic drag 
components of ICE 
[33]
 
 
Figure 1.22: Aerodynamic drag on ICE 
(the hatching area is the device to smooth 
the structures underneath train) 
[33]
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A nose shape with high aspect ratio (nose length divided by carbody cross-sectional hydraulic 
radius), smoother carbody shaper, and couplings with straight joint and lower hood, as well 
as photograph covers is considered to be beneficial to reduce the aerodynamic drag.
[34]
  
As shown in Table 1.4, numerous advances have been made in the nose shape of Tokaido 
Shinkansen rolling stock between the initial Series 0 and the latest Series 700. These 
advances have resulted in a nose shape with high aspect ratio (nose length divided by carbody 
cross-sectional hydraulic radius), a smoother shape and reduced aerodynamic drag. 
Table 1.4: Evolution of the nose shape of Shinkansen series 
[34]
 
Type  Cd
xvi
 ratio AR
xvii
 
0 series 
 
100 4.4/1.77 
100 series 
 
84 5.5/1.77 
300 series 
 
58 6.0/1.68 
700 series 
 
25 9.2/1.65 
 
The cross-sectional change rate was adopted as a parameter for evaluating nose shape, based 
on the theory that maintaining a constant rate of change in the cross-section is an effective 
way of controlling the peak level of pressure fluctuations. Fig. 1.24 shows the difference 
                                                          
xvi
 Cd – Aerodynamic drag coefficient, a dimensionless quantity that is used to quantify the drag or resistance of 
an object in a fluid environment 
xvii
 AR – Aspect ratio, nose length divided by carbody cross-sectional hydraulic radius 
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between the cross-sectional area change rate in the Shinkansen Series 300, the Series 700 and 
the optimal shape. The optimal shape here is a parabolic of revolution. 
[34] 
As seen in Fig. 1.25, compared to the very first Shinkansen, the Series 0, the Series N700 is 
more energy efficient, not to mention that speed has been improved by 50km/h from 220 
km/h to 270 km/h. If this assumption is based on a speed of 220 km/h, there is 49% energy 
efficiency improvement. 
[34]
 
 
1.3.3 Eco-driving 
Route geometry is also a significant factor in determining the journey time and energy 
consumption. The existence of curvatures, gradients and tunnels will obstruct the train’s 
speeding up and increase the energy consumption. So the eco-driving strategy has to be 
worked out for specific route parameters.
xviii
 
A general impression of the energy consumption of the train is given here: The energy 
consumption per passenger km of HS2 reference train (assumed 70% loaded) on proposed 
London-Birmingham high speed line is around 0.076 kWh/pass-km. The RSSB recommend 
                                                          
xviii
 The influence of route geometry on journey time and energy consumption is further discussed in Chapter 3. 
Figure 1.25: Comparison of energy 
consumption of Shinkansen series 
[34] 
 
Figure 1.24: Cross sectional area change 
rate 
[34]
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an energy consumption value of 0.040 kWh/seat-km for the 9-car Class 390 running on the 
West Coast Main Line in UK. 
xix
 
The original research on optimal driving of electric trains began in the 1960s; due to the rigid 
speed restriction, Ichikawa considered the train operation as a bounded variable problem. 
[35]
 
From a theoretical point of view, the problem of energy efficient train control can be 
formulated as one of the functions of Optimal Control Theory. The problem is thus described 
as: seek a strategy that minimises fuel consumption while complete the journey within a 
given time.
[36]
 
Due to the mechanism of the motor, the optimisation of driving strategy can be fitted into two 
categories: continuous control and discrete control. 
The early investigation of train operation strategies focuses on the mathematical modelling of 
continuous control problems: Continuous control variables, such as acceleration and tractive 
effort, were assumed to facilitate investigation into optimal driving with the maximum 
principle (MP)
[37]
; after that, train motion was formulated in the form of kinetic energy, and a 
parameterized optimal control effort was derived via the MP
[38]
. It was proven that any ideal 
strategy of continuous driving control can be approximated as closely as possible by these 
three throttles: maximum traction, coasting, and maximum braking. 
[39]
 
In the discrete control problem, which is the typical situation with diesel-electric locomotives, 
the cost of fuel can be minimised by finding the optimal switching times. Cheng and Howlett 
presented a model taking the discrete throttle as a control variable
[40]
, in which each throttle 
corresponds to a traction power or a fuel supply rate. Based on this discrete model, the 
optimal driving strategy was respectively investigated on the level track with a speed limit 
[39]
 
and on the inconstant slope track
[41]
. A Lagrangian analysis is used to find fuel-efficient 
                                                          
xix
 The calculation of energy consumption can be found in Chapter 2. 
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driving strategies for a long-haul freight train with only discrete levels of control. Key 
equations are used to define strategies of optimal type and optimal switching points. 
[42]
 
Based on previous works, the train driving between stations can be generally divided into 
four stages, i.e., traction, cruising, coasting, and braking. Therefore, the train driving problem 
can be simplified as searching for the switching points of different stages. This turns out to be 
a nonlinear optimization problem. The methods were used to handle this kind of problem, e.g., 
genetic algorithm
[43]
, tabu search, and ant colony optimization
[44]
. The simulated annealing 
algorithm can be applied to search the cruising speed and the switching locations.
[45]
 With the 
help of improved computation capability, some simulation models were also presented to 
study the train’s optimal driving[46].  
However, the mechanism of modern electric trains, particularly high-speed trains, has greatly 
changed, and the past models are no longer able to describe the dynamics of high-speed trains. 
Because of an extended speed range, the dynamical property of high-speed trains is further 
divided into a “constant torque region” and a “constant power region.” The discrete gears or 
settings, which control the train, should be attached with variable energy efﬁciencies. 
Additionally, the regenerative braking mechanism is introduced to save the energy, which 
feeds back the kinetic energy in the braking process. Therefore, a new mathematical model 
for modern electric trains is urgently needed to describe these new characteristics. 
The energy saving by eco-driving is considerable. In Mackay’s research [14], it has been 
shown that a smooth driving style will reduce the energy consumption by as much as 12% 
compared to the average energy consumption of a regional train under comparable conditions. 
Read’s model predicts fuel savings of up to 40-50% for the hybrid train when an efﬁcient 
driving strategy is employed. Of the strategies studied for conventional vehicles, the use of 
maximum line speed limits with coasting prior to braking can achieve the lowest fuel 
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consumption for a given journey time with fuel savings of up to 36% relative to the worst-
case driving strategy.
[47]
 
1.3.4 Regenerative Braking 
The conversion of kinetic energy into electricity, commonly known as dynamic braking
xx
, is 
based on the capacity of electric motors to also act as generators. The use of this kind of 
braking is widely spread in railway transport as, in contrast to friction braking, it does not 
produce wear and tear, dust, smell, heat or sound.
[48]
 
Depending on the electric supplying system layout and on the train drives, the recovered 
energy can be used in three different ways: 
1. Feeding other trains running on the same line; 
2. Storing in on-board or stationary storage system; 
3. Feeding back to the primary supply network, if bidirectional conversion stations are 
available 
However, the requirement for bidirectional electric sub-stations and on-board energy storage 
equipment rules out the last two options, making the first choice the only practicable option. 
 
Fig.1.26: Schematic representation of regenerative energy exchange between trains 
[49]
 
                                                          
xx
 Further details about dynamic braking can be found in Chapter 2, Page 77. 
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Several studies have shown that the application of regenerative braking in urban rail systems 
could potentially reduce the net energy consumption by 10-45%, the potential of energy 
saving is significantly dependent on the route gradient.  
[49]
 
The simulation software TRAINSIM gave a result of 30-38% possible energy saving for 
Rome metro-transit systems.
[50]
 According to the experiment record of an electrified subway 
line of the city of Rome, the energy saving from regenerative braking is significant, which is 
about 19-21% during the traffic peak time. 
[51]
 
Additionally, regenerative braking may mitigate problems like voltage drop of the 
transmission line, high power peak consumptions, heat dissipation in tunnels, etc. 
1.4 Knowledge Gaps 
Two main gaps surrounding the energy consumption of high speed rail have been identified 
in this literature review: 
 In the railway research, issues above the wheel-rail-interface concern mechanical 
engineering, while those below the wheel-rail-interface are associated with civil 
engineering.  The energy-saving methods have been well developed regarding the 
train itself. However, to the author’s knowledge, few researchers have addressed the 
problem of the effects of route geometry on train energy consumption.  
Various factors of the route affect the energy consumption of a journey: 
Gradients. Gradients affect the energy consumption as the component of weight of 
the train can either increase or reduce the total resistance acting on the train. 
Curvatures. Curvatures not only affect the resistance on the train, but more crucially 
on the speed limits, as the lateral force cannot be balanced by cant alone. 
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Tunnels. Tunnels with a small cross-sectional area can have a significant impact of 
energy requirement.  
Other factors include number of stops, line voltage, speed limit etc. And a real 
scenario is usually a combination of several single factors.  A comprehensive study 
comparing all the relevant factors is thus straightforward. 
 
 Whilst figures of the operational traction energy consumption of various types of high 
speed trains have been quoted in the literature, no detailed study appears to exist 
which compares their energy consumption and journey time on the same route. 
Additionally, previous research has focused on the development of the same series of 
trains in the time domain, e.g. the evolution of nose shape of Shinkansen. There 
remains a need to compare the current different series of high speed trains by running 
them on the same route, to quantify the contributing factors towards differences in 
energy consumption between different types of high speed trains. 
Moreover, some questions concerning the overall design need to be answered: For 
example, what’s the most energy efficient way of increasing passenger capacity, to 
construct longer trains (e.g. two train sets instead of one train set), wider trains (to fit 
more seats in a line), or higher trains (double deck trains)? Is the maglev train 
generally a better choice for the UK high speed rail system than traditional wheel-on-
rail high speed system? 
 
Two further gaps have been identified (See Chapter 5 and 6) for the reviews and 
discussions, which lead to: 
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 The life cycle assessment has generated considerable recent research interest in 
various aspects. The life cycle assessment of cars, trains etc. has been proposed by 
manufacturing companies, and the results were reported in environmental certificates. 
However, the life cycle assessment of railway infrastructure has been largely 
incomplete to date. Different components in the railway system usually have different 
life spans, which increases the difficulty of counting the maintenance and renewal 
costs. Meanwhile, the infrastructure is shared by different users, how to define the 
functional unit needs detailed clarification. 
 It is still unsatisfactory from the literature, how is the high speed rail compared with 
its competitor modes of automobile, air and conventional rail, in terms of journey 
time and energy consumption. In addition, the life cycle analysis of different modes of 
transport, even though an important consideration, is still far from optimal. The 
environmental benefits through modal shifting remain unclear. 
1.5 Research Aims and Objectives 
Research aim: 
To improve the energy efficiency of high speed rail and to compare life cycle cost with other 
modes of transport. 
The main objectives of the thesis are as follows: 
 Establish key factors regarding route geometry and train configuration which 
influence the operational energy consumption of a journey by high speed rail. 
 Identify the key areas of vehicle design which help to minimise the energy 
consumption of high speed rail travel. Determine the contribution of various factors in 
determining the energy difference between each vehicle type and the HS2 reference 
train. 
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 Build a database for the life cycle assessment of high speed rail infrastructure and 
compare the high speed rail with other modes of transport from a life cycle 
perspective. 
 Evaluate the performance, in terms of journey time, energy consumption and CO2 
emissions, of high speed rail in comparison with its competitor modes of motorway, 
air and conventional rail. 
1.6 Approach 
This thesis focuses on the energy aspects of high speed trains, it is thus vital to state clearly 
the energy flow of the system. Due to the efficiency losses in the system, the energy 
consumption at wheel of a high speed train is less than that at the current collector. Similarly, 
the power collected
xxi
 at the line is less than the power required from the power station. 
Tracing the energy consumption back to the source, though the fuel processing chain, the 
efficient energy output from original fuel is pretty limited. In addition, energy is not only 
consumed in train operation, but also during construction, maintenance and disposal, the life 
cycle assessment including the four stages is thus straight forward. 
For the operational traction energy, simulations were mainly carried out using the traction 
energy calculation model developed in MATLAB SIMULINK, as detailed in Chapter 2. For 
the whole life cycle assessment, a database is created mainly by assembling and analysing the 
information on the basis of other researches. 
1.7 Summary of Thesis 
The thesis is summarized as follows: 
                                                          
xxi
 i.e. Energy regenerated back to the line 
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In Chapter 2, a train traction energy simulator was developed to carry out the simulations in 
this thesis. Train and route data (for the London-Birmingham section) provided by HS2 Ltd. 
as well as two driving philosophies were put into the simulator to estimate the operational 
energy consumption for a train running on the line. Validation of the model is discussed 
before the baseline simulation is carried out and comparison with the current London-
Birmingham rail service (West Coast Main Line) is made. 
In Chapter 3, the key factors of route geometry and train configuration influencing the energy 
consumption of HS2 reference train are investigated, including some simple one-variable 
scenarios and more complicated multi-variable ones. After that, the performance of the 
proposed HS2 high speed is investigated in three scenarios proposed in reality. 
In Chapter 4, the performance of HS2 reference train was compared with other high speed 
vehicles, in terms of journey time and energy consumption. The essential issues for the 
reduction of energy consumption and the development of the desirable train system are 
identified. 
The life cycle assessment of high speed rail infrastructure is carried out in Chapter 5. The 
railway infrastructure concerns slab and ballast track, stations and special structures (tunnels, 
bridges etc.), the assessment is carried out in four stages of a whole life cycle: production, 
operation, maintenance and disposal. Some discussion about the proposed HS2 infrastructure 
is carried out at the end of this Chapter. 
In Chapter 6, the journey time and energy consumption of HS2 reference train is compared 
with data collected for its competing modes: motorway, conventional trains and air. The 
energy comparison includes operational energy at cruising speed and whole life cycle 
embodied energy. The potential environmental benefits through modal shifting are analysed. 
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Chapter 7 reviews the thesis, summarizes the main findings. The contributions which this 
thesis makes to knowledge are stated before recommendations of future work.  
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Chapter 2: Methodology and HS2 Baseline 
Simulations 
 
 
 
 
The basic concepts in mechanics of the train are defined before the longitudinal equation of 
the train motion is described. A simulator which models train motion is then demonstrated, 
together with details of the train and the route, under different driving strategies. This model 
can be used to simulate train motion, journal time, driving style, route variations and energy 
consumption. The model is validated against existing data. After that, baseline simulation is 
carried out to estimate the journey time and energy consumption of the HS2 reference train 
running on the London-Birmingham proposed high speed route. The simulation results are 
compared against those of the existing London-Birmingham West Coast Main Line service. 
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2.1 Methodology 
For a railway system to operate safely and efficiently, the locomotive must be powerful 
enough to accelerate the trains rapidly to the allowed maximum line speed, and the braking 
system should be able to reliably bring a train to a standstill at a station or signal, even on an 
adverse gradient.   On the other hand, railway operators need to calculate train acceleration 
and deceleration rates in order to plan their timetables, and signals must be sited properly so 
as to allow adequate braking distance for all the passenger and freight services that they are 
required to control. 
In practice there are many different and complicated considerations that must be included in 
real train operations.  Some of the simple main issues are identified and examined in this 
Chapter, in order to show how mathematical analysis can be used to provide an indication of 
expected performance.   
2.1.1 Tractive Force, Running Resistance & Braking Force 
Tractive force 
The force which a locomotive can exert when pulling a train is called its tractive effort, and 
depends on various factors.  For electric locomotives, which obtain their power by drawing 
current from an external supply, the most important factors are: 
Weight - the adhesion between the driving wheels and the track depends on the weight per 
wheel, and determines the force that can be applied before the wheels begin to slip; the 
maximum tractive power the train is able to apply depends on the number of wheels, thus the 
benefits of distributed powered trains can be seen. 
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Figure 2.1: Schematic diagram of friction on wheel 
Speed - up to a certain speed, the tractive effort is almost constant.  As the speed increases 
further, the current in the traction motor falls and so does the tractive effort.  
The tractive effort curves of various high speed trains are shown in Figure 2.2.  
 
Figure 2.2: Tractive effort curve of different high speed trains 
In the low speed region, the tractive effort stays constant or decreases as the increase of 
speed. The high speed region features constant power, the tractive effort falls as the speed 
increases roughly in a hyperbolic relationship. 
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Running resistance 
The running resistance of a train is composed of basic resistance and additional resistance. 
Basic resistance is the resistance always exists under any operation condition. Additional 
resistance is the resistance only exists in certain circumstances. The additional resistance 
mainly consists of three parts: the gradient resistance, the curvature resistance and the tunnel 
resistance. The additional resistance is largely dependent on the route geometry. 
Basic resistance 
The basic running resistance of a train is mainly attributed to the friction and impact between 
the components, the surface of the vehicle and the air, and the wheel and the rail. Thus, the 
basic resistance is composed of mechanical resistance and aerodynamic drag. The mechanical 
resistance includes: the friction resistance of bearings, the rolling resistance of wheels, the 
slipping resistance between wheel and rail, and the resistance caused by impact vibration. 
The aerodynamic drag includes the pressure drag caused by the positive pressure in the head 
and negative pressure in the tail, the surface friction, and eddy loss. The aerodynamic 
resistance is relative to the train’s cross-sectional area, the density of air and the shape of the 
train, and is proportional to the square of speed. 
The basic resistance is dependent on many factors: the vehicle’s structure, the route 
conditions, the climate, the operation speed etc. It is difficult to give a precise calculation 
using theoretical equations, so an empirical equation based on lots of experiments is used to 
calculate the basic running resistance of trains, i.e. the Davis equation. 
          
                                                             
Where, FD (N) is the Davis equation resistance, v is the velocity of the vehicle (m/s), and A 
(N), B (N∙s/m) and C (N∙s2 /m2) are regression coefficients obtained by fitting experimental 
test data to the Davis equation. 
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Additional resistance 
(1) Gradient resistance 
As is shown in Figure 2.3, the gradient resistance is the component of the weight of the 
vehicle parallel to the ground. When the train is going uphill, the gradient resistance exerts a 
brake on the train; and if the train is going downhill, the gradient resistance helps to 
accelerate it. 
 
Figure 2.3: Gradient resistance of the train 
The gradient resistance can be calculated using Equation 2-2: 
                                                                            
Where, FG is the gradient resistance, in kN; 
M is the mass of the train, in t; 
α is angle between the slope and the horizontal plain. 
When the angle α is small, tan α can be used to replace sin α in engineering works. Equation 
2-2 can also be expressed as: 
                                                                             
The gradient on a route affects the power to weight ratio necessary to operate a train 
effectively and efficiently. To the author’s knowledge, the steepest gradient (14.5%) on 
adhesive railway is located in Portugal. The route requirement of high speed rail is stricter: 
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the steepest gradient of proposed London-Birmingham high speed route is no more than 
3.5%. 
(2) Curvature resistance 
Curvature resistance is the extra friction resistance when the train is operation on a curved 
track. It is related to the curvature radius, the train speed, the elevation of the outer rail, and 
track gauge etc., and except for small radius curvatures, is generally negligible. 
The curvature resistance of the train is studied in further details in Chapter 3
i
. 
(3) Tunnel resistance 
When the train is running in tunnels, the air turbulence inside the tunnel causes friction on the 
surface of the train and the tunnel. 
We had access (by private communication) to an empirical approximation for the effect of a 
tunnel on the resistance to motion of a train.  
The coefficient C of the Davis formula has to be multiplied by Tf (Tunnel factor), which 
mainly depends on the blockage ratio, that is the ratio between train cross section and tunnel 
cross section, the train velocity and the ratio of the length of the train to the length of the 
tunnel.  
               
                                                        
The coefficient C of the Davis formula has to be multiplied by Tf (Tunnel factor), which 
mainly depends on the blockage ratio, that is the ratio between train cross section and tunnel 
cross section, the train velocity and the ratio of the length of the train to the length of the 
tunnel. 
                                                          
i
 Chapter 3,  page 127 
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Obviously as the blockage ratio turns to one, the train fills the tunnel space and the resistance 
is greater. The blockage ratio is usually less than 0.3 for high speed train operation. 
The running resistance of the train is composed of the basic resistance and additional 
resistance. The additional resistance may contain one or two of the three parts, and may not 
exist, which needs reference to a specific route. 
Braking force 
Brakes are used on the railway trains to enable deceleration, control acceleration (downhill) 
or to keep them standing when parked. Modern trains reply upon a combination of friction 
brake and electro-dynamic brake to provide the braking force. 
The vast majority of the trains in the world are equipped with braking systems which 
generally use compressed air as the brake force to push blocks on to wheels or pads on to 
discs. Modern air brake systems mainly serve two functions: 
 The service brake system, which applies and releases the brakes during normal 
operations; 
 The emergency brake system, which applies the brakes rapidly in the event of brake 
pipe failure or an emergency application by the engine operator. 
Electro-dynamic brake is the use of the electric traction motor of a vehicle as the 
generator when slowing down. It is named rheostatic if the generated electrical power is 
dissipated as heat in brake grid resistors, and regenerative if the power is returned to the 
supply line. Dynamic braking reduces the wear of friction-based braking components, and 
additionally regenerative braking saves energy. 
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2.1.2 Longitudinal Motion of the Vehicle 
Ideal Running Resistance 
As is schematically illustrated in Figure 2.4, a one-dimensional equation of motion is used to 
describe the vehicle dynamics. 
      
  
  
                                                                
 
Figure 2.4: Equation of motion for rail vehicle system 
Where, M is mass of vehicle, including the passenger weight and   is rotational inertia mass 
factor- the coefficient accounting for additional kinetic energy needed for rotating 
components in the vehicle; 0.04 is the rotational inertia mass factor used for HS2 reference 
train;  
FT/B is the tractive or braking effort at wheel, which is applied by the driver;  
FD is the resistance force (N) on the train on a flat track, which is presented in the forms of 
'Davis equation', which includes the mechanical and aerodynamic components of resistance. 
It is a quadratic equation:  
          
                                                                 
Where, V is the velocity of the vehicle (m/s), and A (N), B (N∙s/m) and C (N∙s2 /m2) are 
regression coefficients obtained by fitting test data to the Davis equation. 
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FG is the gradient force (the component of the weight of the vehicle parallel to the ground); 
                                                                       
 
2.1.3 Simulation Procedure 
A computational model written in Matlab Simulink was developed by Future Rail Research 
Centre in Imperial College, to solve the equation of motion in time domain. 
For each time step, the resultant acceleration (or deceleration) of the train is calculated and 
the velocity and displacement of the train is then calculated by numerical integration. (A time 
step is an iteration of the loop, which models an interval of time: 200 iterations per second 
were found to produce consistent results.)  
Based on the theories above, a simulation program (see Figure 2.5) has been developed which 
is used to study energy consumption for high speed trains.  
The model itself has three further modules: 
a. Driver Module-where the driving strategy is defined; 
From a stationary start, 100% of the available tractive effort is initially applied. 
100% power continues to be applied in acceleration, until either the linespeed or the 
maximum operational speed is to be reached. 
On reaching the linespeed or maximum operational speed, the power is reduced to balance 
the resistance force acting on the train. If the resistance force is negative due to a steep slope, 
braking is applied to keep the train’s speed constant. 
On approach to either a reduction in line speed or a station stop, a braking force is applied. 
Electro-dynamic braking is used where possible, at speeds greater than 20km/h. Where the 
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braking effort required exceeds the maximum effort provided by electro-dynamic braking, 
friction braking is used to provide the remaining force. 
The dwell time for the train at each station is set to be 2 minutes, after which the train moves 
on with maximum power supply. 
b. Vehicle Module-where the equation of motion for the vehicle is solved; 
The decision made in the driver module at current time step, whether a tractive or braking 
effort, is the input to the equation of motion for the train. The Davis equation resistance, 
gradient resistance curvature resistance and tunnel resistance are calculated with reference to 
the train’s velocity. The acceleration at current time step is then calculated. The velocity and 
displacement for next time step are calculated using integration.  
c. Energy Calculation Module-where the energy consumption at certain points of the 
schematic energy flow is calculated. 
This module calculates the energy consumed at wheel, the energy drawn from the overhead 
line at the current collector and the energy recoverable during braking. In addition, energy to 
overcome basic and additional resistance, energy to overcome inertia are calculated 
individually. 
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Figure 2.5: Simulation procedure for HS2 train 
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2.1.4 Operation Strategy 
Two driving philosophies are studied: 
1. Flat-out operation 
Under a typical flat-out inter-station run, the train accelerates from a station to maximum 
speed and maintains the speed as much as possible, until it is necessary to brake to a standstill 
for the next station. Under this circumstance, the running time is usually the shortest and the 
energy consumption is the highest, as the train is travelling very close to the maximum 
permissible speed throughout the journey. 
2. Relatively slack constant journey time 
a. Bisection iterative method to search for the maximum speed for a given journey time 
The maximum operational speed of HS2 reference train is varied to achieve the desired 
journey time, using the bisection iterative technique, as shown in Figure 2.7. 
i. For the first iteration, the maximum operational speed, vmax, is set at the absolute 
maximum operational speed of HS2 reference train, 360km/h. The speed upper 
limit is initially the maximum operational speed, 360km/h; and the speed lower 
limit is initially set to 0. 
ii. After simulation, the journey time is evaluated against target time, and the speed 
upper limit and lower limit are re-set. The new maximum speed for next 
simulation is the mean value of speed upper limit and lower limit. 
iii. The new values of maximum speed, the speed upper and lower limits are put in 
the simulation model in return until the tolerance of the journey time is achieved. 
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b. Coasting 
The traction motors are permitted to turn off once the train has accelerated above a certain 
speed if coasting is allowed. With the application of coasting, the momentum of the train 
keeps it running and usually the brake is still needed to bring the train to a stop at the next 
station. Inter-station run-time is longer but the energy saving can be achieved, because the 
train spends less time on motoring. 
As seen in Figure 2.8, an additional judgement condition is added in the Driver module, the 
Vehicle module and Energy Calculation module remain unchanged. The coast point needs to 
be defined in another programme before the simulation starts. If the train reaches the coast 
point, the power will be shut until the train needs to apply the acceleration or braking power 
again. 
 
Figure 2.6: Speed-displacement history of the train under different driving philosophies 
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Figure 2.7: Bisection iterative simulation procedure for HS2 train 
 
Figure 2.8: Coasting procedure for HS2 train 
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A flat-out inter-station run is still necessary especially during rush hours and recovery of train 
service from disturbance. However, certain methods can be introduced to reduce the energy 
consumption when there is slack space in journey time. From the viewpoint of energy saving, 
a longer running time is more preferable than a longer station waiting time at off-peak hours 
because of the energy loss of the air conditioning system when the train doors have to be held 
open at stations, which accounts for a substantial portion of the auxiliary system’s electric 
bill.  
Coasting control is one of the typical areas to attain a trade-off between energy consumption 
and travelling time and has been commonly used. Theoretically, any point between the two 
stations is a possible coast point. 
However, it is difficult to analyse the relationship between track geometry, traction 
characteristics and every possible coast point with the consideration of the corresponding 
running time and energy consumption, because of the non-linearity in traction equipment 
characteristics and interactions of the train and the power and signalling systems. In most 
cases, as the coasting point moves away from the starting station, the running time increases 
monotonically and the energy consumption monotonically decreases.  
 
Figure 2.9: Linespeed restriction and coast points on the theoretical route 
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Coasting point identification model 
Once the train performance with the “flat-out” operation is initially obtained from the single 
train simulator, the coasting-point identification model starts. The ultimate purpose of this 
model is to identify the necessary coasting point under the specified operational requirements. 
Generally, the run-time and the energy consumption of the train can be extended and reduced 
respectively when an early single coasting point is so required. A new coasting point will be 
produced by the classical searching method if the train output performance does not satisfy 
the expected requirements (i.e. run time and energy consumption performance). The same 
process repeats until either the new coasting point satisfies the expected requirements or the 
maximum number of program loop by the user is reached. The structure of the model is 
illustrated in Figure 2.12. 
 
Figure 2.10: Speed-displacement history of the 
HS2 reference train as coast point moves away 
from starting station 
 
Figure 2.11: Journey time and energy drawn 
from line of the HS2 reference train vary as 
coast point moves away from starting station 
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Figure 2.12: Coast control of single train simulator 
 
Genetic algorithms (GAs) have already found successful applications in railway operation 
[1]
 
[2]
and a preliminary attempt of applying GA on coasting control has shown promising results 
[3]
, where the number of coasting points was pre-determined. 
 
2.1.5 Simulation Setup 
Table 2.1: Variables defined in simulation setup 
Train-related Route-related 
Train mass Gradient 
Rotational inertia mass factor Linespeed 
Mass of fully loaded passengers Station stops 
Passenger load factor Tunnels 
Train length  
Resistance to motion Control-related 
Efficiency between pantograph and wheel Maximum operational speed 
Efficiency of regeneration Acceleration/Braking rate 
Auxiliary power supply Dwell time 
APS efficiency  
Tractive effort Other 
Braking effort (friction and electro-dynamic) Time step 
Initial Assumption of Coasting Point 
Traction Energy Simulation Model 
Simulation Outputs with Given 
Coasting Point 
Search for New 
Coast Point 
End 
Start 
Satisfy the  
Requirement? 
Yes 
No 
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2.1.6 Basic Concepts in Energy Flow of the Train 
The schematic of the energy flow in the train is illustrated in Figure 2.13. 
There are three components of energy consumption at the wheel: energy is consumed in 
accelerating the vehicle (overcoming inertia), in overcoming the Davis equation resistance of 
the train (both mechanical and aerodynamic) and additional resistance (going uphill etc.).  
In braking no extra energy is consumed. Under certain conditions, the energy is recovered 
back to the line during braking - which is called regenerative braking. This is where instead 
of the kinetic energy of the train being converted to heat energy at the wheels using friction 
brakes; the kinetic energy is instead converted to electrical energy which can be fed back into 
the supply system.  
There is also a small amount of energy for the auxiliary power system (APS) of air 
conditioning. The energy consumed at wheel and the auxiliary services energy sum up to the 
energy from line, with the efficiency loss in consideration. 
 
Figure 2.13: Schematic of the energy flow in the train 
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The basic concepts in the energy flow of the train are explained: 
The Energy Consumed at Wheel is calculated by integration with respect to time of the 
product of the tractive force and velocity, as Equation 1 shows: 
   ∫      
 
 
                                                                 
Where, EW is the energy consumed at wheel, FT is the tractive force applied by the driver, v is 
velocity of the train. At the wheel, energy is consumed in accelerating the vehicle, in 
overcoming the Davis equation resistance of the train (both mechanical and aerodynamic) 
and in going up (or down) gradient.  
Energy Drawn from the Line is subsequently calculated by taking account of the efficiency 
losses between the train’s current collector and the wheels. The energy loss between the 
electric line (in this case) and the wheel was assumed to be 82.3%.Supply to the auxiliary 
power system is also included, as Equation 2 shows: 
   
  
    
 
       
    
                                                            
Where, EL is the energy drawn from line, EW is the energy consumed at wheel, ηL-W is the 
energy transmission efficiency between train’s current collector and the wheels, PAPS is 
auxiliary power supply, tJ is journey time (including dwell time at stations), and ηAPS is the 
efficiency of auxiliary power. 
Energy Regenerated Back to the Line is calculated with reference to the train’s characteristic 
braking curves. During electric braking, the traction motors provide a torque in reverse to the 
direction of rotation to decelerate the train and hence act as a generator producing electrical 
energy in accordance to Fleming’s right-hand rule. This is where instead of the kinetic energy 
of the train being converted to heat energy at the wheels using friction brakes; the kinetic 
energy is instead converted to electrical energy which can be fed back into the supply system, 
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with a 60-80% receptivity efficiency associated with the process. In this paper, the 
regenerative receptivity is assumed to be 70%. 
Energy Net Balance is the actual energy taken from line, which is equal to energy drawn 
from the line subtracted by energy regenerated back to the line. 
Inertia energy is the energy used to rotate some components of the vehicle; 
Energy to Overcome Gradient Resistance is where the train needs extra energy to go up 
gradient; 
Auxiliary Services Energy is the integration of auxiliary power on time basis; 
Energy Losses are calculated by taking account of the efficiency losses between the train’s 
current collector and the wheels. Supply to the auxiliary power system is also included, as 
Equation 2 shows: 
                                                                        
In Davis Equation,  
Energy to Overcome Mechanical Resistance  is the integration of the mechanical part of 
Davis Equation (A+B∙v) in time domain. 
Energy to Overcome Aerodynamic Drag  is the integration of the aerodynamic part of Davis 
Equation in time domain. C∙Tf∙v
2
 accounts for the aerodynamic drag (including the tunnel 
effects), C∙ v2 is also considered separately as aerodynamic drag (excluding the tunnel 
effects), C∙(1-Tf)∙v
2
 (aerodynamic drag incurred by tunnels) is calculated subsequently to 
weight the influence of tunnels, relative to the whole aerodynamic drag. 
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2.2 HS2 Baseline Simulation 
The baseline simulation was carried out using the following train and route data provided by 
HS2 Ltd in January 2013. Table 2.2 to 2.3 and Figure 2.6 to 2.7 show some of the parameters 
used in the baseline simulation. 
2.2.1 Train Data 
The basic information for one train set of HS2 Reference Train is listed below, in Table 2.2. 
The tractive effort and Davis equation resistance of HS2 reference train is shown in Figure 
2.14. The Davis equation resistance is assumed to be for an unloaded train. The mechanical 
components of the resistance have been adjusted to take account of passenger mass at 70% 
loading. 
Table 2.2: Parameters of HS2 reference train 
Parameters Unit Value 
Tare mass (includes 7 tonnes for water and other services) t 382 
Rotational inertia mass factor % 4 
Mass of fully loaded passengers (passenger capacity=550) t 44 
Assumed passenger load factor % 70 
Train length m 200 
Maximum operational speed km/h 360 
Efficiency between pantograph and wheel % 82.3 
Efficiency of regeneration % 70 
Auxiliary power supply (APS) kW 275 
APS efficiency % 85 
Station dwell time s 120 
 
 
Figure 2.14: Tractive effort and Davis equation resistance of HS2 reference train 
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2.2.2 Route Data 
The route data is based on the London to Birmingham and reverse route proposed by HS2 Ltd 
in Jan. 2013.  
Table 2.3: Station information on HS2 route 
 London-Birmingham Birmingham-London 
ID Station Position(km) Station Position(km) 
1 London Euston 0 Birmingham Curzon Street 0 
2 Old Oak Common 8.86 Birmingham Interchange 18.75 
3 Birmingham Interchange 156.48 Old Oak Common 166.37 
4 Birmingham Curzon Street 175.23 London Euston 175.23 
Table 2.4: Tunnel information on HS2 route 
ID Entrance position (km)
ii
 Exit position (km) Internal area (m
2
) 
1 1.25 8.7 41.26 
2 9.49 10.29 41.26 
3 19 23.41 56.72 
4 31.26 44.68 73.86 
5 46.11 47.31 101.25 
6 53.73 55.01 101.25 
7 101.95 104.05 101.25 
8 109.83 112.4 101.25 
9 126.73 127.13 131.34 
10 127.13 128.6 94.99 
11 128.6 128.63 121 
12 146.13 146.70 89.43 
 
Figure 2.15: London-Birmingham route details 
 
                                                          
ii
 Entrance position and exit position refer to the distance from London 
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2.2.3 Simulation Results 
Some typical outputs from the simulations are shown below in Figure 2.16 to 2.19. The 
complete results are shown in Table 2.5. 
 
Figure 2.16: Speed-displacement history of the London-Birmingham simulation 
 
Figure 2.17: Speed-time history of the London-Birmingham simulation 
 
Figure 2.18: Power drawn from the line-time history of the London-Birmingham simulation 
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Figure 2.19: Power returned to the line-time history of the London-Birmingham simulation 
Table 2.5: London to Birmingham and return baseline simulation results 
Parameter Unit Lon – Bir Bir – Lon Average 
Journey time min: sec 44: 57 45: 03 45: 00 
Energy drawn from the line kWh 5533 5369 5451 
Energy returned from to the line kWh -534.7 -520.7 527.7 
Net energy balance kWh 4998.3 4848.3 4923.3 
Energy for Auxiliary Power Systems kWh 242.4 242.9 242.7 
Energy consumed at wheel kWh 4354 4219 4286.5 
Energy at wheel to overcome gradient resistance kWh 141 172.6 156.8 
Energy at wheel to overcome Davis equation 
resistance 
kWh 3137 3011 3074 
Energy at wheel to accelerate vehicle mass 
(overcome inertia) 
kWh 1076 1035 1055.5 
Energy at wheel to overcome the mechanical 
component of Davis equation resistance 
kWh 447.3 443 445.2 
Energy at wheel to overcome aerodynamic 
component of Davis equation resistance (excluding 
tunnels) 
kWh 2311 2246 2278.5 
Energy at wheel to overcome aerodynamic 
component of Davis equation resistance (including 
tunnels) 
kWh 2690 2568 2629 
Energy leaving the train at the wheel during braking kWh -976.1 -936.2 -956.2 
Energy to overcome gradient resistance during 
regenerative braking 
kWh -34.2 -65.4 -49.8 
Energy to overcome Davis equation resistance 
during regenerative braking 
kWh 133.7 162.2 147.95 
Energy to overcome inertia during regenerative 
braking 
kWh -1064 -1023 -1043.5 
Energy to overcome mechanical component of Davis 
equation resistance during regenerative braking 
kWh 33.2 35.4 34.3 
Energy to overcome aerodynamic component of 
Davis equation resistance (excluding tunnels) during 
regenerative braking 
kWh 96.7 105.9 101.3 
Energy to overcome aerodynamic component of 
Davis equation resistance (including tunnels) during 
regenerative braking 
kWh 100.4 126.8 113.6 
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2.2.4 Choice of Time Step 
 
An investigation is carried out to determine the size of time step in the simulations. Smaller 
time steps lead to greater accuracy at the expense of longer simulation time. To investigate 
the influence of time step on simulation results, the journey time and energy drawn from line 
data of the train are plotted against different time steps, from 0.01s to 10s. As shown in 
Figure 2.20 and 2.21, the journey time curve and energy drawn from line curve tend to 
converge when the time step falls below 0.1s. The time step used in all simulations in this 
thesis is 0.05 seconds, which is the largest time step that outputs the same journey time and 
energy from line as that of the smallest time step, 0.01s. 
 
2.2.5 Model Validation 
A direct comparison with the experimental data is unrealistic at current stage, as the HS2 
project is still to be built. The traction energy calculation model is validated from two 
aspects: consultation with HS2 Ltd. about the journey time and energy consumption, 
acceleration performance comparison with the manufacturer’s data.  
Figure 2.20: Gross energy drawn from the line 
on London-Birmingham route versus time step 
Figure 2.21: Journey time on London-
Birmingham route versus time step 
0.05 sec used 
0.05 sec used 
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At the early stage of HS2 project, the journey time result of FRRC model was compared with 
that of the VISION model, the industry standard timetabling software in the UK. The 1% 
difference in journey time was deemed acceptable. In consultation with the HS2 Ltd. in 
January, 2013, after the new version of route data was released, it was confirmed that the 
simulation journey time and energy consumption results agree with the outputs from their 
model in an ideal environment
iii
 under the maximum operation speed strategy. The train 
speed, power from wheel, power from line, regenerative power profiles (See Figure 2.16 to 
Figure 2.19 and Table 2.5) were checked and proven to be acceptable. 
Figure 2.22 below compares the acceleration profile of the HS2 reference train on a flat 
straight track in the open air obtained by the simulator with the same curve provided by 
Alstom. As illustrated, the acceleration of the HS2 reference train in the simulation model is 
slightly greater than the data provided by the manufacturer. The train simulator accelerates 
the HS2 reference train from 0 to 360km/h in 7:39, 4% less than the 8:01 figure provided by 
the manufacture. Such a difference could be down to different assumptions of passenger 
loading levels, a slight difference in Davis equation resistance coefficients etc. Such a small 
change in the acceleration performance of the vehicle would have a negligible effect on the 
journey time and energy consumption outputs. 
 
                                                          
iii
 The ideal environment doesn’t consider the voltage drop of the transmission line, the scheduling of multiple 
trains, the wind effects etc. In reality, the journey time is anticipated to be greater than the simulation result. 
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Figure 2.22: Comparison of acceleration performance of the HS2 reference train from the 
Traction Energy Simulation with that provided by the manufacture 
 
2.2.6 Operation Strategy 
Different coasting points alter the speed profile significantly. As the motoring time is 
shortened because of coasting, energy saving is possible at the expense of extra run-time.  
The simulation results of flat-out run are compared with that of the relative slack journey 
time cases. The train starts coasting at pre-determined coast points, until necessary braking 
effort is needed to brake to station. A series of simulations with different coast points and 
maximum speeds are carried out to investigate the relation between journey time and energy 
consumption under coasting strategy.  
Figure 2.23 illustrates the possible slack time and corresponding energy saving in comparison 
with the flat out run. The zero point in horizontal axis is the result of flat-out run, energy 
drawn from line falls as journey time gradually increases. In general, coasting saves more 
energy than modifying the maxi-speed if the journey time is slightly extended and when the 
journey time is further extended, changing the maximum speed becomes the more energy 
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saving method. For the HS2 reference train running on London-Birmingham route, an energy 
saving of 15% can be attained by appropriate coasting with only a 5% increase in run-time. 
 
Figure 2.23: Energy drawn from line and journey time under different driving strategies 
 
2.2.7 Comparison with West Coast Main Line (WCML) 
The West Coast Main Line (WCML) currently provides the quickest rail service from 
London to Birmingham with a journey time around 1 hour 20 minutes. The Class 390 
‘Pendolino’ train runs along the route with a maximum operational speed of 201 km/h 
(125mph). In order to compare the performance of the HS2 reference train and the Class 390 
‘Pendolino’ train, the following simulations are made: 
(1) The HS2 reference train running on London-Birmingham HS2 route 
(2) The Class 390 train running on London-Birmingham HS2 route 
(3) The Class 390 train running on London-Birmingham WCML route 
The simulation results of the HS2 reference train running on London-Birmingham HS2 route 
has been shown earlier in this Chapter. The RSSB recommend an energy consumption value 
of 0.040 kWh/seat-km for the 9-car Class 390 running on the WCML.
[4]
 In this section, 
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simulations are carried out using the train data provided by RSSB, to run the Class 390 train 
on London-Birmingham HS2 route. 
The train data used for modelling a 9-car Class 390 running on the WCML are shown in 
Table 2.6 and Figure 2.24. In calculating the tunnel factor, the cross-sectional area of Class 
390 is assumed to be 9.7 m
2
, compared with the 11m
2
 of HS2 reference train. 
Table 2.6: Parameters of 9-car Class 390 
Parameter Unit Value 
Tare mass(including 7 tonnes for water and other services) T 465 
Rotational inertia mass factor % 6 
Mass of passengers at 100% load (seat capacity =447) T 34 
Passenger load factor % 70 
Train length M 207 
Maximum operational speed Km/h 201 
Auxiliary power supply kW 241 
APS efficiency % 85 
Braking rate m/s
2
 6 
 
 
Figure 2.24: Tractive effort and Davis equation resistance for 9-car Class 390 
Figure 2.25 to 2.26 compare the speed-time history and power-time history of the Class 390 
train and the HS2 reference train running on the same London to Birmingham HS2 route. The 
HS2 train has greater maximum speed and acceleration performance due to its greater power 
requirement, despite the trains’ similar size and capacity. 
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Figure 2.25: Speed-time history of the HS2 reference train and Class 390 running on 
London-Birmingham HS2 route 
 
Figure 2.26: Speed-time history of the HS2 reference train and Class 390 running on 
London-Birmingham HS2 route 
 
Figure 2.27: Energy at wheel per passenger and 
journey time of Class 390 on HS2 and WCML 
route compared to that of HS2 simulation at 
different maximum speed and load factor on 
London-Birmingham route 
Figure 2.28: Energy at wheel per passenger km and 
journey time of Class 390 on HS2 and WCML route 
compared to that of HS2 simulation at different 
maximum speed and load factor on London-
Birmingham route 
Class 390 on HS2 route 
201 km/h 
70% loaded 
Class 390 on WCML route 
201 km/h 
70% loaded 
360 km/h 
260 km/h 
300 km/h 
Class 390 on WCML route 
201 km/h 
70% loaded 
Class 390 on HS2 route 
201 km/h 
70% loaded 
360 km/h 
300 km/h 
260 km/h 
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Figure 2.27 shows the energy consumption at wheel per passenger of the HS2 reference train 
varies with journey time for maximum operational speeds between 260 and 360 km/h at 
different load factors. Both journey time and energy at wheel vary with the maximum 
operation speed, from which we can see the competing mechanism between time saving and 
energy saving. The simulation results of Class 390 running on London-Birmingham HS2 and 
WCML routes are used as reference points, both are running at their maximum operation 
speed, carrying 70% loaded passengers. On general, the HS2 train is more energy-saving at 
the expense of more energy consumption. The WCML service does not live to our 
expectation of energy saving due to route geometry (gradient, tunnels etc.), although it has 
the longest journey time. 
 However, due to the different length of HS2 route (175.2km) and WCML route (181.7km), 
another comparison is made on energy consumption per passenger per km, as shown in 
Figure 2.28, in which the energy consumption at wheel per passenger of the HS2 reference 
train varies with journey time for maximum operational speeds. The HS2 reference train still 
have the best performance in journey time, and the energy consumed at wheel per passenger 
km of Class 390 on HS2 route, is nearly the same as that of a fully loaded HS2 train with a 
maximum speed of 260km/h, while the latter one saves about 20% journey time. 
2.3 Conclusions  
Two driving philosophies have been identified in this Chapter, maximum speed and relative 
slack journey time. Energy saving is possible at the expense of longer running time. 
On the London-Birmingham railway route, the current WCML service does not live to our 
expectation of energy saving due to route geometry (gradient, tunnels etc.). In the operation 
stage only, the HS2 reference train on a dedicated high speed line is more time saving and 
energy efficient than the WCML train. 
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Chapter 3: Influence of Route Geometry and 
Train Configuration on Energy Consumption 
 
Energy saving has not always been a priority in railway operations, but increasing global 
concerns, the need for emissions reduction and the quest for high speeds has pushed energy 
much higher up the agenda. The work in Chapter 2 has demonstrated and confirmed that 
energy consumption can be reduced through appropriate operation strategies. If the energy 
efficiency is defined as the energy consumption per passenger per km, the efficiency of trains 
varies significantly with the passenger load factor, losses incurred in electricity generation 
and supply and some other indirect parameters.  Route geometry is also a significant factor in 
determining the journey time and energy consumption. The existence of curvatures, gradients 
and tunnels will obstruct the train’s speeding up and increase the energy consumption. The 
influence of route geometry and train configuration on energy consumption is discussed in 
this Chapter.
i
 
This Chapter starts with theoretical analysis of train and route parameters affecting energy 
consumption, including single-variable and multiple-variable scenarios. After that, the 
performance of the proposed HS2 high speed train is investigated in three scenarios proposed 
in reality. An integrated driving strategy of HS2 reference train on London-Birmingham route 
is studied.  
                                                          
i
 The use of a “per km” phrase needs comment: We might be tempted to use the great circle distance between 
end points of a journey at the useful distance travelled. Rail (and other modes) route are sinuous and therefore 
generally somewhat greater than the great circle distance. Furthermore, in some cases the route may be indirect, 
for example, Oxford to Cambridge by train requires a detain via London, adding considerably to the direct great 
circle distance. 
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3.1 Train and Route Parameters Affecting Energy Consumption 
Table 3.1 gives scenarios of train and route parameters affecting the energy consumption of 
the train. 
Table 3.1: Scenarios of train and route factors  
ID Independent variable Dependent variable 
 Train parameters 
1 Tare mass Journey time, Energy consumption 
2 Passenger load factor Journey time, Energy consumption 
3 Line to wheel efficiency Energy consumption 
4 Efficiency of regeneration Energy consumption 
5 Acceleration rate Journey time, Energy consumption 
6 Braking rate Journey time, Energy consumption 
 Route parameters 
7 Maximum speed Journey time, Energy consumption 
8 Line voltage Journey time, Energy consumption 
9 Dwell time Journey time 
 
The simulation results of the simple scenarios mentioned above are shown in Table 3.2, 
which illustrates order of magnitude sensitivities for a typical HS2 high speed journey 
between London and Birmingham. The elasticity results of the scenarios are show in Table 
3.3, from which we can see that the same parameter has greater impact on energy 
consumption compared with journey time. Some more complicated scenarios involve more 
than one variable, e.g. line voltage and intermediate stops, these situations will be discussed 
individually later. 
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Table 3.2: Simulation results of different scenarios 
Tare mass
ii
 Passenger load factor 
  
The horizontal axis represents the change of train 
tare mass in percentage. Journey time and energy 
drawn from line increase as the train becomes 
heavier, in a nearly linear relationship. 
Journey time and energy drawn from line 
increase as the train carries more passengers, in a 
nearly linear relationship. 
 
Efficiency between transmission line and 
wheel
iii
 
Efficiency of regeneration 
  
Energy drawn from line reduces as the increase in 
line to wheel energy efficiency. 
Energy net balance reduces as the increase in 
efficiency of regeneration. 
 
  
                                                          
ii
 Modifications were made to the mechanical coefficients of Davis equation proportionally as the change of train 
mass. 
iii
 Efficiency between transmission line and wheel refers to the energy transmission between energy at wheel and 
energy drawn from the line. Energy for auxiliary power supply has its own energy transmission system and thus 
a different energy efficiency. 
108 
 
Acceleration rate Braking rate 
 
 
 
 
● Energy drawn from the line increases as the increase of acceleration rate. However, the journey 
time is not heavily affected by the rate change. This fixed acceleration rate is merely an upper limit of 
the train’s acceleration ability. In operation, the actual acceleration rate is mainly determined by the 
tractive force, resistance force and the mass of the train.  
● The braking rate, on the other hand, determines the time when the train starts to slow down, so the 
journey time reduces as the increase of braking rate. Energy drawn from line goes up due to the 
increased braking force. 
 
Dwell time Maximum operational speed 
 
 
● For the specific London-Birmingham HS2 
route with two intermediate stops, the journey 
time goes up as the increase of dwell time. 
● The problem in reality is actually more 
complicated; involving the number of 
intermediate stops, distance between the stops, 
total route length etc. This will be discussed in 
further details later. 
● As the maximum operational speed of HS2 
reference train increases from 250km/h to 
400km/h, the journey time reduces and the 
energy drawn from the line increases. 
● As the maximum speed approaches the high 
speed region; the changing rates of journey time 
and energy drawn from line slow down. 
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Table 3.3: Elasticity results of different scenarios
iv
 
Parameter Elasticity of journey time Elasticity of energy drawn from line 
Tare mass 0.083 0. 228 
Passenger load factor 0.0083 0.021 
Line to wheel efficiency N/A 1.29 
Efficiency of regen N/A 1.00 
Acceleration rate 0.0016 0.0063 
Braking rate 0.042 0.035 
Dwell time 0.047 N/A 
Maxi operational speed 0.015~0.60 0.069~0.97 
 
In reality, the driving strategic problem is always combination of several simple scenarios. i.e. 
The journey time is an interaction result of the distance between two stops, the train’s 
acceleration rate and the maximum operational speed. For a route condition with low 
maximum operational speed or very short distance, the train’s acceleration ability would be 
of no help to reducing the journey time 
Two integrated scenarios are investigated here: the line voltage and intermediate stops. 
Line voltage 
The tractive effort curve of HS2 reference train (see Figure 2.13) in baseline simulation is the 
tractive force under the line voltage of 25kV. However, the line voltage is expected to drop 
after being transported in the transmission line with distance. The dispersed energy is 
transformed into heat in the transmission line, according to Joule’s law. The tractive effort 
falls correspondingly, this will result in lower acceleration rate, and thus a change in journey 
time and energy consumption.  
                                                          
iv
 The elasticity is different from the sensitivity results in Table 3.2.  The elasticity shows for a certain increase 
in x, how much change in y could be achieved (δy/δx). While the sensitivity demonstrates for a certain change 
in x, how quickly y1 and y2 respond to the change. If the elasticity value is greater than 1, y increases faster than 
x.  
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As shown in Figure 3.1, the tractive effort of HS2 reference train is plotted versus speed at 
different line voltages. The tractive force decreases as the voltage goes down, and falls 
significantly under the line voltage of 18kV. Figure 3.2 demonstrates the variation of journey 
time and energy drawn from line of HS2 reference train on the London-Birmingham route 
under different line voltages. As the line voltage decreases, the journey time goes up and the 
energy drawn from line falls, this trend becomes more obvious at lower line voltage region. 
Intermediate stops 
The interactive effects between distance, maximum speed and acceleration rate are discussed 
theoretically in this section. Here we assume the train’s acceleration rate is equal to its 
braking rate. If the train’s acceleration rate is too small or the distance is too short, before 
reaching the maximum speed, the train needs to brake approaching the station, so its journey 
is composed of the acceleration phase and braking phase. And if the train is able to reach the 
maximum speed, it will experience three stages- acceleration, constant speed and braking 
phase. 
Figure 3.2: Journey time and energy drawn 
from line at different line voltages 
 
Figure 3.1: Tractive effort of HS2 reference train 
at different line voltages 
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Figure 3.3: The interactions among maximum speed, acceleration rate and displacement 
Several parameters are defined:  
a is the train’s acceleration rate, in m/s2; 
v0 is the allowed maximum speed, in m/s; 
d is the distance between two intermediate stops. 
Case one: The train does not reach the maximum speed. 
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Case two: The train reaches the maximum speed and operates at the maximum speed for a 
while before braking to station. 
                                       
  
 
  
 
                                                      
  
  
 
   
  
 
  
  
 
 
  
 
  
 
 
                                                            
  
 
 
                                                                         
  
 
 
 
  
 
 
To conclude, 
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The expression of journey time is a piecewise function, shown in Equation (3-1). The 
expression is only relative to the distance and acceleration rate if the train doesn’t reach the 
maximum speed; and if the train reaches the maximum speed, the expression of journey time 
becomes a derivation of hyperbola.  
For the expression 
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Since a and d are positive,  
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If a, d are fixed, the function shape of t is like a ‘tick’ mark in the first quadrant of coordinate 
system, as shown in Figure 3.4. The two asymptote lines are the t axis and t=v0/a.  
 
Figure 3.4: The ‘tick’ shape function 
To simply the problem, the acceleration rate is fixed at 0.7m/s
2
 to investigate the influence of 
maximum speed and distance on journey time (See Figure 3.5); then the maximum speed is 
fixed at 400km/h to investigate of influence of acceleration rate and distance on journey time 
(See Figure 3.6).  
0 
t 
v0 
t=v0/a 
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As seen from Figure 3.5, when the maximum speed limit is low, the journey time is mainly 
determined by the maximum speed, and the journey time is in a nearly linear relationship 
with the distance; and when the speed restriction is rather generous, the increasing trend of 
journey time slows down as the increase of distance. In Figure 3.6, the maximum speed is set 
to 400km/h, when the acceleration rate is small, its takes longer time for the train to reach the 
maximum speed, and in some cases, the train is not able to reach the maximum speed before 
braking to station. On the other hand, the advantage of higher acceleration rate is not so 
obvious when the distance is too short, and in this case greater acceleration ability will 
potentially incur more energy consumption. 
 
3.2 Influence of route geometry and train configuration for HS2 reference 
train 
This section discusses the energy consumption of the proposed high speed train in the UK 
and compares its performance on its proposed dedicated route with that on non-dedicated 
tracks. Several simulations are reported: 
Figure 3.5: Journey time varies with distance 
at different maximum speeds  
(Acceleration rate= 0.7m/s
2
) 
Figure 3.6: Journey time varies with distance 
at different acceleration rates 
(Maximum speed= 400km/h) 
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1. Effects of tunnels on journey time and energy consumption of high speed trains 
Case study 1: The original and modified new routes from London to Birmingham  
The HS2 project encountered resistance from residents who live near the proposed high speed 
line route, who fear their communities could suffer. In order to soften opposition from local 
residents, some modifications were made to the original route, which incurred increased track 
length and more tunnels. The new route data has now been published and the simulation 
result of this new route was compared with that of the original route. 
Case study 2: Integrated driving strategy of HS2 reference train for London-Birmingham high 
speed route 
Energy saving can be achieved at the price of slower speed and increased journey time. 
Lowering the maximum speed and the application of coasting are two possible ways of 
reducing energy consumption. The potential of energy saving by using integrated driving 
strategies is studied if relatively slack journey time is given. 
2. Effects of curvatures on journey time and energy consumption of high speed trains 
Case study: Proposed HS2 train running on a track following the alignment of the London-
Birmingham motorway  
A further proposal was suggested: that of building a high speed track above and following the 
existing motorway between London and Birmingham, in order to minimise the effects on 
local areas. The feasibility of this proposal is analysed through modelling, in which specific 
characteristics of the motorway (the curvatures, gradients etc.) were considered.  
3. Effects of railway electrification on journey time and energy consumption of high speed 
trains 
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Case study: Proposed HS2 train running on London-Bristol conventional track (assumed 
electrified) 
Another proposal concerns the possible running of the HS2 train on the relatively generous
v
 
geometry of the conventional track between London and Bristol, instead of, or prior to 
building a new dedicated high speed track. However, maximum line speed will be restricted 
due to the track geometry. The efficiency of this plan is also investigated. 
The work in this Chapter is mainly carried out using the traction energy calculation model 
developed in the Future Rail Research Centre in Imperial College, which has been verified by 
comparison with observations from existing high speed trains. 
The simulation cases studied in this section are based on the maximum speed strategy. The 
train is set to achieve minimum journey time, coasting is not considered. 
3.2.1 Effects of tunnels on journey time and energy consumption of high speed trains 
When a train enters a tunnel at a high speed, pressure waves (compression waves) are 
generated inside the tunnel. The pressure waves propagate at the speed of sound toward the 
tunnel exit (Figure 3.7). A fraction of the compression waves that arrives at the exit of the 
tunnel are emitted outwards and the remainder is reflected back into the tunnel as expansion 
waves. 
 
Figure 3.7: Evolution of the shape of a pressure wave while propagating inside a tunnel 
[1]
 
                                                          
v
 The route geometry (curvature radius etc.) is slightly modified to satisfy the requirements of high speed rail 
operation 
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Unlike a conventional railway system, a high-speed rail system experiences various 
aerodynamic problems in tunnel sections. Trains running at high speed in a small tunnel, 
compared with the open field, face significant air pressure, resulting in reduced operation 
stability and fast change in pressure inside the tunnel. These phenomena also cause some 
unexpected problems such as aural discomfort of on board passengers and an impulsive noise 
at the tunnel exit. 
To solve the problem of aural discomfort in a railway tunnel, some countries have standards 
to limit the maximum pressure change that is allowed to occur within a given time period, 
Table 3.4 shows criteria of different countries for prevention of aural discomfort. 
Table 3.4: Criteria for prevention of aural discomfort 
[1]
 
Country Line Max. pressure 
change 
Train speed 
(km/h) 
Pressure-
tightness 
Remarks 
Japan Shinkansen 1000 Pa/5s 210, 240, 270 Sealed  
UK Intercity 3000-4000 Pa/3s 160, 200 Unsealed 2 passing 
trains 
Channel 
tunnel 
2000 Pa/4s 225-300 Unsealed Single-track 
3500 Pa/4s Double-track 
Germany Neubaus-
strecken 
500 Pa/1s 240, 280 Sealed 1 train 
800 Pa/3s 
1000 Pa/10s 
France 
(SNCF) 
Atlantique 
HSL 
5000 Pa/3s   2 passing 
trains 
Korea Kyungbu 
HSR 
800 Pa/3s 300 km/h Sealed Normal case 
1250 Pa/3s Extreme case 
 
The pressure change inside the passenger coach is closely related to the performance of the 
vehicle itself (the pressure-tightness). The pressure tightness coefficient defines the degree of 
pressure tightness (or sealing) of train and gives a measure of how the internal pressure varies 
in response to the external pressure fluctuations. The criteria for prevention of aural 
discomfort restrict the train running speed inside tunnels. 
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In tunnels, Davis resistance to motion is: 
                                                                             
A, B and C are coefficients of Davis equation resistance. The coefficient C of the Davis 
formula has to multiplied by Tf (Tunnel factor), which mainly depends on:  
- Br (Blockage ratio), ratio between train cross section and tunnel cross section  
- Length of the tunnel and length of the train 
The existence of tunnels increases the journey time and energy consumption of trains, the 
effects on high speed trains are significant because of the increased velocity. Meanwhile, the 
heating effects inside tunnels also have negative impact on train operation. 
Typical variation of tunnel factor with tunnel length and tunnel cross-sectional area is 
demonstrated in Figure 3.8 and 3.9. 
vi
 
 
 
 
 
                                                          
vi
 The equation of tunnel factor is described in Chapter 2, Page 76. The equation is provided by Alstom, it’s an 
empirical equation fit to experimental data, but remains confidential to the company. 
Figure 3.8: Tunnel factor varies with tunnel 
length for a cross-sectional area of 100m
2
 
Figure 3.9: Tunnel factor varies with tunnel 
cross-sectional area for a tunnel length of 5km 
Tunnel cross-sectional area=100m2 
Tunnel length=5km 
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Balance speed
vii
 
Normally, there is some spare capacity for the increase of tractive force, so the tractive effort 
curve is always above the resistance curve. In tunnels, the Davis resistance curve is lifted due 
to the increase of the aerodynamic part of the Davis equation, so there can be a point where 
the tractive effort is equal to the resistance force. 
As shown in Figure 3.10, if the train is allowed to apply the maximum traction effort, ideally 
the train will reach a tunnel balance speed, at which point the tractive effort equals the 
resistance force (Exit 1). Trains entering the tunnel with a speed lower than the balance speed 
will accelerate to the balance speed and trains enter the tunnel with a speed greater than the 
balance speed will slow down until gets to the balance speed. However, usually the tunnel is 
not long enough, so that the train exits the tunnel before reaching the balancing speed (Exit 2). 
 
Figure 3.10: Speed variation in tunnels 
Figure 3.11 shows the lifting of Davis equation curves at different tunnel lengths with a given 
tunnel diameter and Figure 3.12 gives the balance speed under each tunnel length for HS2 
one train set. 
                                                          
vii
 Here we assume the running resistance is constant inside a tunnel. However, in reality the tunnel resistance is 
different at different positions as the micro-pressure wave propagates alongside the tunnel, so the tunnel balance 
speed varies with the train’s position inside the tunnel. 
0 
Distance 
Speed 
Balance speed 
Entrance Exit2 Exit1 
Tunnel 
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Speed/energy variation inside the tunnel 
 
An investigation of the speed/energy variation inside the tunnel has been carried out by 
running the HS2 reference train model inside a reference tunnel with different entry speeds. 
The length of the tunnel is 15km and the cross-sectional area is 100m
2
. Figure 3.13 gives a 
demonstration of the variation of the train’s speed inside the tunnel with an entry speed 
ranging from 320 to 360 km/h and Figure 3.14 gives the corresponding time and energy 
consumption variation. 
Figure 3.11: Lifting of Davis resistance curve for 
one train set at different tunnel lengths for a 
tunnel cross-sectional area of 100m
2
 
Figure 3.13: Speed profile variation at 
different entry speeds (Tunnel length=15km, 
cross-sectional area=100m
2
) 
Figure 3.12: Balance speed for one train set at 
different tunnel lengths for a tunnel cross-
sectional area of 100m
2
 
Figure 3.14: Time and energy consumption in 
the tunnel at different entry speeds (Tunnel 
length=15km, cross-sectional area=100m
2
) 
Balance speed - 341km/h 
121 
 
Gradient resistance inside tunnels 
The gradient resistance is the component of the weight of the vehicle parallel to the ground. 
When the train is going uphill, the gradient resistance exerts a brake on the train; and if the 
train is going downhill, the gradient resistance helps to accelerate it. 
 
Figure 3.15: Gradient resistance of the train 
The gradient resistance can be calculated using Equation (3-4): 
                                                                                
Where, FG is the gradient resistance, in kN; 
M is the mass of the train, in t; 
α is angle between the slope and the horizontal plain. 
When the angle α is small, tan α can be used to replace sin α in engineering works. Equation 
(3-4) can also be expressed as: 
                                                                               
The total resistance of the train is: 
                     
                                      
Regulations are made towards the largest gradient allowed on track: DB has prescribed 
[2]
 a 
largest permissible gradient of 12.5‰ for mixed traffic main lines; for commuter lines, the 
maximum gradient is 40‰. Also, in the new-built high speed lines, the higher gradient (40‰) 
is used. 
FG 
α 
Mg 
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Here we assumed the train is going up a gradient of 3%. 
In a tunnel with uphill gradient, the Davis resistance curve is lifted further, due to the gradient 
resistance and increase aerodynamic resistance in tunnels; and the balance speed falls 
correspondingly. The lifting of Davis equation curves at different tunnel lengths with a given 
tunnel diameter and gradient is shown in Figure 3.16 and Figure 3.17 gives the balance speed 
under each tunnel length for one train set. 
 
Figure 3.16: Lifting of Davis resistance curve for one train set at different tunnel lengths with 
3% gradient for a tunnel cross-sectional area of 100m
2
 
 
Figure 3.17: Balance speed at different tunnel lengths for a tunnel cross-sectional area of 
100m
2
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Figure 3.18 gives a demonstration of the variation of the train’s speed inside the tunnel at 3% 
gradient with an entry speed ranging from 320 to 360 km/h and Figure 3.19 gives the 
corresponding time and energy consumption variation. 
 
The total energy consumption in the tunnel is composed of two parts: energy to overcome 
gradient resistance and energy to overcome Davis equation resistance in tunnels. The energy 
to overcome gradient resistance doesn’t change with entry speed. The variation in percentage 
of energy consumption is shown in Figure 3.20. 
 
Figure 3.20: Percentage of energy consumption varies with train entry speed 
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Figure 3.18: Speed profile variation at 
different entry speeds (Tunnel length=15km, 
cross-sectional area=100m
2
,
 
gradient=3%) 
Balance speed - 198km/h 
Figure 3.19: Time and energy consumption in the 
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Case study 1: The original and modified new routes from London to Birmingham 
The route plan of UK HS2 has undergone several revisions since its first announcement. In 
this paper, only the route data published in the very early stage of HS2 route development (by 
the end of 2009), and the most up-to-date route data (announced in Jan, 2013) were 
considered. Both versions of route data were provided by HS2 Ltd., including station 
positions, speed restrictions, gradients, tunnels etc. The new line of route has considerably 
more tunnels than the old one; the total length of the track is also slightly increased.  
Table 3.5: Comparison of HS2 train running on two proposed dedicated routes  
Parameters Original route New route 
Journey time(min) 44 45 
Distance(km) 173 175 
Energy at wheel(kWh) 4033 4355 
Energy drawn from the line(kWh) 5138 5534 
Regenerative energy(kWh) 383 386 
Energy net balance (kWh) 4755 5148 
 
To investigate the results of original route and modified new route (see Table 3.5), the 
journey time roughly remains unchanged. But the energy drawn from the line is increased by 
8.3%. The increase of energy consumption is mainly due to longer tunnels and longer 
distance, changes made to placate opposition to the original route. 
 
Case study 2: Integrated driving strategy of HS2 reference train for London-
Birmingham high speed route 
The aerodynamic resistance increases with the square of speed, this resistance force becomes 
dominant in the high speed region. Energy saving can be achieved at the price of slower 
speed and increased journey time. Lowering the maximum speed and coasting are two 
possible ways of reducing energy consumption.  
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So one question is raised here: If we were given relatively slack journey time (e.g. +3% 
journey time), what percentage of energy saving can we achieve by using integrated driving 
strategies? 
Route analysis 
The high speed route between London and Birmingham contains two terminal stations and 
two intermediate stops. The first section is the route between the starting station in London 
and the first intermediate stop. The second section contains the longest tunnel along the 
London-Birmingham HS2 route, the Chiltern Tunnel. The third and fourth sections are the 
sections of route approaching the second intermediate stop and terminal station in 
Birmingham. The characteristics of each route section are analysed and possible energy-
saving driving strategies are provided. 
 
Figure 3.21: Analysis of the London-Birmingham high speed route 
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Section 1:  
The first section of route is mainly located in the Euston Tunnel, so the train needs to 
accelerate, cruise and braking inside the tunnel. From the train’s speed profile, we can see 
that the train just managed to achieve the maximum linespeed restriction, before braking to 
station. If some slack time is available, the maximum linespeed can be lowered to save the 
operation energy in the tunnel. Coasting, on the other hand, requires longer braking distance, 
which is not suitable for this case. 
The variation of journey time and energy drawn from the transmission line with different 
maximum speeds is shown in Figure 3.22. With the decrease of maximum operational speed, 
the journey time is increased and the energy consumption is reduced. With the target of 3% 
increase of journey time, 30% of energy saving can be achieved by lowering the maximum 
speed to 180km/h. 
 
Figure 3.22: Variation of journey time and energy drawn from the transmission line for 
different maximum speeds for the first section of London-Birmingham high speed route 
Section 2: 
The Chiltern Tunnel is the longest tunnel along the London-Birmingham HS2 route, with a 
total length of 13.47 km. This tunnel section is overlapped by an upslope. The resultant 
resistance, which is composed of tunnel and gradient resistance, impedes the motion of the 
+ 3% journey time 
- 30% energy consumption 
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train. The huge resistance requires the train to apply great tractive effort to try to reach the 
linespeed. 
If the train starts coasting when getting into the tunnel, the speed will decrease and so does 
the tunnel resistance force. However, if the train coasts for the whole length of the tunnel, the 
speed becomes too low and the journey time is significantly increased. Besides, the effects of 
energy saving are not so significant in the low speed region. Alternative scenarios are also 
available, such as to accelerate the train again before the speed gets to too low. 
The comparison of speed-displacement profiles of different coast regions is shown in Figure 
3.23. To satisfy the requirement of 3% increased journey time, the scenario pointed to by a 
red arrow is chosen as the coast region in the tunnel. 
 
Figure 3.23: Speed-displacement profiles of different coast regions in the Chiltern Tunnel 
Section 3 & 4: 
In normal circumstances, it is less likely for the train to slow down to halt at a station by 
coasting alone, the coasting distance would be too long and the journey time would be 
significantly increased. When approaching the second intermediate stop and the final station, 
the train needs to go up gradient, this helps the train to slow down thus reduce the braking 
energy. Coasting to a station is a reasonable driving strategy is applied together with braking. 
 
 
Chosen as the coast region in the tunnel 
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Integrated driving strategy 
The integrated driving strategy is of HS2 reference train on London-Birmingham high speed 
route summarized in Table 3.6. The driving strategy is composed of three driving 
philosophies: flat-out run, modifying the maximum speed and coasting. 
Table 3.6: Integrated driving strategy of HS2 reference train on London-Birmingham high 
speed route 
Displacement (km) Driving strategy 
0 – 8.86 Lower maximum speed from 230km/h to 180km/h. Flat-out run 
Intermediate stop 1 
8.86 – 31.26 Flat-out run 
31.26 – 37.2 Coast 
37.2 – 135.18 Flat-out run 
135.18 – 156.48 Coast to station 
Intermediate stop 2 
156.48 – 167.71 Flat-out run 
167.71 – 175.23 Coast to station 
 
Owing to the regenerative braking system, part of the braking energy (70-80%) can be fed 
back to the transmission line. However, energy is dissipated into heat in coasting due to the 
running resistance; so no energy is regenerated back to the system under the coasting driving 
strategy. As a result, the overall regenerated energy is reduced under the integrated driving 
strategy.  
If 3% slack journey time (1 min 30 sec) is allowed for the whole journey, 13.5 % of the 
energy consumption at wheel can be saved under the integrated driving strategy. And if we 
consider the extra energy consumed in auxiliary power supply system due to longer running 
time and the energy fed back to the system, the overall energy net balance is reduced by 
10.5%.  
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Table 3.7: Comparison of journey time and energy consumption of flat-out run and 
integrated driving strategy 
 Flat-out run Integrated driving strategy 
Journey time (min:sec) 44 : 57 46 : 20 (+3%) 
Energy at wheel (kWh) 4354 3766 (-13.5%) 
Energy from line (kWh) 5533 4826 (-12.8%) 
Regen energy (kWh) -535 -354 (+33.8%) 
Energy net balance (kWh) 4998 4472 (-10.5%) 
 
 
Figure 3.24: Speed-displacement and power-displacement profiles of the HS2 reference train 
running on London-Birmingham high speed route under the integrated driving strategy and 
comparison with those of overall flat-out run 
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3.2.2 Effects of curvatures on journey time and energy consumption of high speed trains 
Curvatures have negative effects not only on the resistance of motion of the train, but more 
crucially on the linespeed limits, as the lateral force imposed on curves with small radius 
cannot be balanced by cant alone, when the train travels at high speeds.  
For typical China’s high-speed rail network, the minimum curve radius is 7km for the train 
speed of 350km/h, 4km for the train speed of 300km/h, 2km for the train speed of 200km/h. 
r
 
The maximum speed of a train on curved track is subject to specific rules. Factors affecting 
the minimum curve radius include couplings, train lengths, track gauge, train speed and cant. 
For the specific HS2 reference train, the relationship between speed and ideal tilt to balance 
the lateral force can be calculated mathematically. Specifically, the centripetal force has to be 
balanced by the horizontal component of the gravitational force: 
 
Figure 3.25: Cross-section of train tilt diagram 
  
 
                                                                   
Where θ is the angle by which the train is tilted due to the cant, in degrees; 
v is the velocity of the vehicle, in m/s; 
r is the radius of curvature, in metres. 
Mg 
θ 
v2/r 
Hc 
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Where, HC is the height in metres that the outside rail is "super-elevated" above the inside rail 
on a curve; 
  
 
   
  
 
 
  
   
   
                                                                     
Where, G is track gauge, spacing of the rails in an individual railway track, in metres. 
The standard gauge (1435mm) is a widely-used railway track gauge, except for Russia and 
Finland, all high speed lines are built to this gauge. This is the value of track gauge used in 
this thesis. 
The maximum value of cant HC (the height of the outer rail above the inner rail) for a 
standard gauge railway is about 0.15m. For high speed railways in Europe, maximum cant is 
about 0.18m
[3]
. 
Cant deficiency is the difference between cant and actually set cant. The criterion used is for 
passenger comfort, limiting the lateral force experienced. 
To achieve the maximum linespeeds, HC was set to its possible maximum value. For the 
maximum cant value of 0.18m, the formula is: 
     √
    
 
 √
          
     
    √                                  
Where, v is the velocity of the vehicle, in m/s; 
r is the radius of curvature, in metres. 
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The maximum speed for HS2 train is 360km/h. So the linespeed limit cannot exceed 360km/h. 
After transforming the unit of speed from m/s to km/h, the relationship between curvature 
radius and maximum speed is shown in Equation (3-11), and is demonstrated in Figure 3.26. 
     {
    √       
         
                                                   
Where, vmax, the maximum speed of the train, is in km/h; 
r, the radius of curvature, is in metres. 
 
Figure 3.26: Relationship between curvature radius and speed restriction 
The effects of curvatures on energy consumption are studied in further details. 
Based on maximum speed operation strategy, the speed of vehicle is determined by the radius 
of curvatures. Energy to overcome mechanical resistance, aerodynamic drag can thus be 
calculated in relative to the radius of curvatures.  
Assuming the vehicle runs over a certain distance at a constant speed: 
Mechanical resistance of Davis Equation:  
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                 (       √ )   √                            
Aerodynamic drag of Davis Equation: 
          
          √                                                  
Where A, B and C are coefficients of Davis Equation. 
The energy to overcome mechanical resistance is proportional to the root of radius, while the 
energy to overcome aerodynamic drag is proportional to radius; see Figure 3.27, in which the 
speed as that defined in Figure 3.26. 
 
Figure 3.27: Influence of curvature radius on energy to overcome mechanical and 
aerodynamic resistance 
Case study: Proposed HS2 train running on a track following the London-Birmingham 
motorway 
The simulation on motorway was carried out using the route data (curvatures, gradient, 
displacement etc.) provided Highway Agency. The high speed train was set to run on exactly 
the same route of motorways. The big issue associated with the route of motorway is its 
numerous curves, which restricts the train speed and increases the energy consumption.  
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The load factor is assumed to be 0.7, which means only 70% seats are filled. Calculations 
were made for both the original and modified routes with the HS2 train running on dedicated 
track from London to Birmingham. 
The measurement of curvature is expressed as radius. The shorter the radius, the sharper the 
curve is. For sharper curves, the speed limits are lower to prevent an outward horizontal 
centrifugal force to overturn the trains by directing its weight toward the outside rail.  
The distribution of curvature radius, which is given by a percentage of the total length of the 
line, was compared with that of the proposed London-Birmingham dedicated high speed 
route.  
 
Figure 3.28: Distribution of circular curves (transitions excluded) 
In general, the track following motorway has more curvatures with small radius and longer 
length of curved track in total, which restricts the speeding up of high speed vehicle. The 
length of the circular curves with radius less than 4km (corresponding maximum operation 
speed being 250km/h) constitutes 58% of the motorway line, which do not exist on the 
dedicated London-Birmingham track. 
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Simulation results 
As is shown in Figure 3.29, the speed of HS2 train is significantly restricted by the curvatures 
and the maximum linespeed cannot be reached.  
 
Figure 3.29: HS2 train running on track above M1, M6 motorway 
Comparing the journey time and energy at wheel data of new dedicated track and track above 
M1, M6 motorway, shows that a dedicated track is able to save 40% journey time, while 
approximately using the same amount of energy. 
Table 3.8: HS2 train running on track above London-Birmingham M1, M6 motorway  
Parameters New route Motorway 
Journey Time(min) 45 73 
Distance(km) 175 190 
Energy at Wheel(kWh) 4355 3734 
Energy Drawn from the Line(kWh) 5534 4936 
Regenerative Energy(kWh) 535 901 
Energy Net Balance (kWh) 4999 4035 
Furthermore, the journey time of existing London-Birmingham train is 82min(fastest), if we 
run the HS2 train on the track following the M1, M6 motorway, the train would only be able 
to run 9 minutes(12%) faster than the existing conventional train. The huge expenses of 
construction a new route cannot be justified by this small time difference. 
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3.2.3 Effects of railway electrification on journey time and energy consumption of high 
speed trains 
A railway electrification system supplies electric power to railway trains and trams without 
an on-board prime mover or local fuel supply. Railway electrification in Great Britain began 
during the late 19th century. A range of voltages have been used in the intervening period, 
employing both overhead lines and third rails. According to Network Rail, approximately 
40% of the rail network (4930km) is electrified and 60% of all rail traffic is electric powered. 
The UK Government is committed to investing in a programme of electrification that will 
help transform the railway and provide Britain with a sustainable high-class transport system. 
Two distinct electrification types are employed: 25kV AC overhead line electrification (64%) 
and 660/750V DC conductor rail electrification (36%). A 1500 V DC overhead line 
electrification network constructed for the Sunderland Direct project is also in operation. 
[4]
 
Electrifying key routes on the railway will mean faster, greener, quieter and more reliable 
journeys for thousands of passengers
[5]
:   
(1) Faster journeys 
Journey time savings can be made due to the superior performance of electric traction. 
 (2) Reduced costs 
Electric trains are cheaper to operate, require less maintenance and have lower energy costs 
than diesels. They're lighter and do less damage to the track helping create a more reliable 
railway. 
(3) Better for the environment 
Electric trains emit approximately 20-35% less carbon per passenger km than a diesel train, 
depending on the energy used at power stations. With zero emissions at the point of use, 
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they improve air quality in pollution hot spots such as city centres and main line stations. 
Electric trains are quieter than diesels and are virtually silent when waiting at stations. 
There is a widespread belief among the general public that the high speed train requires a lot 
of energy in order to operate, even an excessive and disproportionate amount considering the 
benefits it provides. This common misconception serves as a pretext to attack the high speed 
train and propose, as an alternative to constructing new high speed lines, or the improvement 
of conventional lines. 
This misunderstanding is based on the fact that the aerodynamic energy consumption of the 
train would increase with the square of speed and the aerodynamic resistance become 
dominant at high speeds. However, this is only part of the truth. The transmission efficiency 
of the train, the energy lost in fuel processing chain, the characteristics of the vehicle etc. are 
all important factors in determining the energy efficiency. 
In the case of the High Speed Business Unit in Spain, energy costs of high speed trains 
account for only 5.25% of income, as opposed to 16.32% in the freight trains and 12.08 % in 
the commuter trains. 
[6]  
In terms of energy consumption, as the high speed system requires certain curve-free layouts, 
certain especially light and aerodynamic trains, and certain power supply system, so the 
comparison of the energy consumption of the electric and diesel train will be made on the 
same route, at the same occupancy level. 
Case study: Proposed HS2 train running on London-Bristol conventional track 
(assumed electrified) 
A comparison has been made by calculating the energy consumption of the HS2 train and the 
existing HST running over the existing conventional track between London and Bristol. The 
comparison is based on results of analyses carried out with simulators, aiming to assess the 
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feasibility of the conventional track proposal and to explain the reasons for energy 
consumption differences. 
Train data 
High Speed 2 (HS2) is a proposed high speed railway between London and the Midlands, the 
North of England, and potentially at a later stage the central belt of Scotland.  
The British Rail Class 43 (HST) is the TOPS classification used for the Intercity 125 High 
Speed Train power cars, built by BREL (British Rail Engineering Limited) from 1975 to 
1982. It is the fastest diesel unit in the world, with an absolute maximum speed of 148 mph 
(238 km/h), and a regular service speed of 125 mph (201 km/h).  
The detailed information of HS2 and HST and listed below in Table 3.9.  
Table 3.9: Information about HS2 and HST 
Parameters HS2 HST 
Tare mass of vehicle(in tonnes) 382 423 
Mass of passengers(in tonnes,70%loaded) 44 39.6 
Number of seats(full) 550 470 
Assumed load factor 0.7 0.7 
Simulation results 
The HS2 train on conventional track uses approximately the same amount of energy, but 
saves 20% journey than the HST train running on the same track. However, due to the 
different number of seats on HS2 and HST trains, the result can only be comparable based on 
the per passenger energy consumption concept. The per passenger consumed energy of HS2 
train is 7.8% less than that of HST train. And if we include regenerative braking energy 
which will return to the line finally, the HS2 train actually uses 21% less energy than HST 
train, from the energy consumption per passenger perspective. 
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Table 3.10: Result Comparison of HS2 and HST Train Running on Conventional Track 
Parameters HS2 HST 
Running time(min) 79 88 
Energy at the wheel(kWh) 2125 2182 
Energy drawn from the line(kWh) 3007 / 
Engine output energy(kWh) / 3013 
Regenerative energy(kWh) 439.5 0 
Energy consumption per passenger(No regen)(kWh) 5.9 6.4 
Energy consumption per passenger(Regen)(kWh) 5.04 6.4 
 
 
Figure 3.30: London-Bristol HST and HS2 train speed-displacement comparison 
As is shown in Figure 3.30, HS2 train has considerably greater acceleration and deceleration 
rates than HST trains, which ensures decreased journey time. 
 
Figure 3.31: London-Bristol HST and HS2 train displacement-total power comparison 
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The HST train only has 5 driving notches, so it is impossible for HST to change its power 
continuously as the HS2 train does. As is observed from Figure 3.31, the power of HS2 goes 
up very quickly to a high peak, then decreases sharply and remains a lower level than the 
HST train, which helps to explain the nearly equal total energy consumption. However, at 
power peak points, the total power of HS2 train is about 3 times more than the power of the 
HST train, which on the other hand, puts more pressure on the electricity supply grid. (Note: 
the HST is a diesel train and care is needed to define similar points in the energy carried in 
train at which to compare usage of electricity with HS2 train.) 
Fuel processing chain 
 
Figure 3.32: Diagram of electric and diesel railway systems 
To compare the energy consumption and greenhouse gas emissions of HS2 (electrical) and 
HST (diesel) train, it is worthwhile to investigate the whole energy processing chain. 
Table 3.11: Life cycle energy consumption and CO2 emissions for the whole fuel chain 
 HS2 HST 
Fuel embodied energy(kWh) 8083 8013 
Life-cycle CO2 emissions(t) 8.5 6.2 
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The efficiency of every separate step of the energy transmission chain is demonstrated in 
Figure 3.32; the embodied energy in fuel is thus calculated, considering all the energy losses 
in the process. And according to Benhamin’s research[7], the CO2 emissions coefficient 
(1050g per equivalent kWh for coal, and 778g for diesel engine) 
[8]
 is multiplied to the energy 
at source. The life-cycle energy consumption and CO2 emissions is shown in Table 3.10. 
Components of energy consumption 
As this result clearly contradicts the existing “common misconception” that the trains that run 
at higher speeds consume less energy, it is worth analysing in detail the reasons for this lower 
consumption. Figure 3.33 shows the differences between each component in the energy 
consumption of the two trains. The definition and explanation of different components of 
energy consumption can be found in Chapter 2.
viii
 
                                                          
viii
 Chapter 2, page 88 
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Figure 3.33: Components of energy consumption for HS2 and HST train 
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As seen in Figure 3.33, in spite of a low average speed, energy consumption is higher in the 
conventional HST train, both at wheel and from the transmission line/engine. Certainly, 
energy to overcome aerodynamic drag is much higher in the HS2 reference train, which is 
proportional to the square of speed; but energy to overcome mechanical resistance, energy 
losses and energy recovered in regenerative braking contribute to the reduction of energy 
consumption of HS2 reference train. 
 
3.3 Conclusion 
Journey time and energy consumption are two competing mechanisms in high speed train 
operation. This paper investigates the influence of route geometry and train configuration on 
high speed rail’s journey time and energy consumption, including single-variable and multi-
variable scenarios involving the train and route parameters. 
The simulation results of the three simulation cases are summarized below: 
1. For London-Birmingham HS2 route, the increase of tunnels, as a compromise to social 
resistance, incurs restricted train speeds and more running resistance, which leads to slightly 
increased journey time and 8% greater energy consumption. 
2. The speed of high speed trains is significantly restricted by the curvatures of non-dedicated 
tracks, due to the continuous acceleration and braking, the train will never reach its maximum 
linespeed, thus the journey time will be increased greatly. 
3. The energy efficiency of different trains can only be compared from the energy 
consumption per passenger perspective, HS2 running on conventional track actually uses less 
energy at wheel than the HST train.  
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Chapter 4: Energy Comparisons with Other 
High Speed Vehicles 
 
 
The aim of Chapter 4 is to identify the key areas of vehicle design which help to minimise the 
energy consumption of high speed rail travel. Simulations are carried out of different types of 
high speed trains running on the proposed London-Birmingham HS2 route, more specifically: 
the Shinkansen E6, N700, China high speed rail CRH 2, CRH2-300, CRH3, TGV Duplex 
and Transrapid maglev system. The energy consumption/journey time relationship of these 
vehicles is compared with that obtained for the HS2 reference train running along the same 
route. Analysis is undertaken to determine the contribution of various factors in determining 
the energy difference between each vehicle type and the HS2 reference train so that key 
features of vehicle design which help to drive down the energy consumption of high speed 
rail can be identified. 
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4.1 Comparison with the Japanese Shinkansen High Speed Rails 
4.1.1 Introduction  
The Shinkansen is a network of high speed rail lines in Japan operated by the Japan Railway 
Group Companies. Japanese Shinkansen train sets are often quoted as more energy-efficient 
than the European high speed trains. This section concerns two types of Shinkansen high 
speed vehicles: 
1. Shinkansen E6 
2. Shinkansen N700 
Data provided by JR-East (Shinkansen E6) and JR-Central (Shinkansen N700) are input into 
the Train Energy Simulator to estimate its energy consumption if it were to run on the 
proposed London to Birmingham HS2 route. The simulation results are compared with that of 
the HS2. 
The E6 Series Shinkansen (See Figure 4.1
[1]
) is new 7-car high-speed train type operated by 
East Japan Railway Company (JR East) from Tokyo to Akita since 16 March 2013. While the 
N700 (See Figure 4.2
2
) is a wide-bodied (fitting 5 seats across a row instead of the 
conventional 4) Electrical Multiple Unit (EMU) train with distributed power supplied through 
AC asynchronous motors on 14 of the 16 cars.  
 
Figure 4.2: Shinkansen N700 Figure 4.1: Shinkansen E6 
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4.2.2 Energy Modelling 
Simulations are carried out of the Shinkansen series vehicles running along the London to 
Birmingham HS2 route. 
(1) Train Data of Shinkansen E6 and Shinkansen N700 
Train data used for the modelling of the E6 and N700 Series Shinkansen train are shown in 
Figure 4.3 and Table 4.1. In calculating the aerodynamic tunnel factors, the Shinkansen N700 
is assumed to have a cross-sectional area of 13m
2
, compared to 11 m
2
 for the HS2 reference 
train. The Shinkansen E6 has additional Davis equation coefficients including tunnel effects; 
however, due to the different cross-sectional area of the Japan and UK standard, the tunnels 
factors of Shinkansen E6 are calculated using the empirical equation, the cross sectional area 
of Shinkansen E6 is 11m
2
.  
 
Figure 4.3: Tractive effort (25kV) and resistance curve for the Shinkansen E6 and N700 
[3] [4]
 
Table 4.1: Train-based parameters for Shinkansen E6
[3]
 
Parameter Unit Value 
Tare mass t 338.8  
Rotational inertia mass factor (assumed) % 4 
Mass of passengers at 100% load (seat capacity=338) t 27 
Passenger load factor (assumed) % 70 
Train length m 149 
Maximum operation speed km/h 320 
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Braking rate (assumed) m/s
2
 0.78 
 
Table 4.2: Train-based parameters for the Shinkansen N700
[4]
 
Parameter Unit Value 
Tare mass (including 14 tonnes for water and other services) t 616 
Rotational inertia mass factor % 6 
Mass of passengers at 100% load (seat capacity=1323) t 99 
Passenger load factor % 70 
Train length m 400 
Maximum operational speed km/h 330 
Braking rate m/s
2
 0.6 
 
 (2) Energy/Journey time comparison 
 
Figure 4.4 shows the energy consumption at wheel of the HS2 reference train varies with 
journey time for maximum operational speeds between 260 and 360 km/h at different load 
factors. Both journey time and energy at wheel vary with the maximum operation speed, from 
which we can see the competing mechanism between time saving and energy saving.  
Figure 4.4: Energy at wheel and journey time of 
Shinkansen E6, N700 compared to that of HS2 
simulation at different maximum speed and load 
factor on London-Birmingham route 
Figure 4.5: Energy at wheel per passenger and 
journey time of Shinkansen E6, N700 compared to 
that of HS2 simulation at different maximum speed 
and load factor on London-Birmingham route 
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However, due to the different passenger capacity, another comparison is made on energy 
consumption per passenger, as shown in Figure 4.5, in which the energy consumption at 
wheel per passenger of the HS2 reference train varies with journey time for different 
maximum operational speeds. The simulation results of Shinkansen E6 and N700 are used as 
reference points, both are running at their maximum operation speed, carrying 70% loaded 
passengers. As seen from Figure 4.5, the Shinkansen N700 has the tremendous advantage in 
energy performance among the three high speed vehicles: the journey time of Shinkansen 
N700 is about the same as the HS2 reference train with a maximum speed of 340km/h; 
however, the energy consumed at wheel per passenger of Shinkansen N700 is even less than 
the most energy saving case of HS2 – at 260km/h with fully loaded passengers. The energy 
consumed at wheel per passenger of Shinkansen E6, happens to be approximately equal to 80% 
loaded HS2 reference train running at around 310km/h. 
A further quantifiable comparison of HS2 reference train, Shinkansen E6 and N700 is made 
in the following section. 
(3) Operation Strategy 
Table 4.3 shows the maximum operation speed and journey time output of the London to 
Birmingham Shinkansen vehicles and compares them with those from the London to 
Birmingham baseline HS2 reference train simulation. 
i
 
Table 4.3: Maximum operation speed and journey time of HS2, Shinkansen E6 & N700 on 
London-Birmingham high speed route 
High speed vehicle Maximum operation speed (km/h) Journey time (min: second) 
HS2 360 44: 57 
Shinkansen E6 320 47: 38 
Shinkansen N700 330 45: 59 
                                                          
i
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In order to compare the performances of HS2 and Shinkansen E6, N700 under the same 
conditions, two operation strategies are used here: 
(1) The maximum operation speed of all train types is taken as 320km/h (the minimum of 
three). The simulation results of HS2 and Shinkansen E6, N700 are compared, in aspects of 
journey time and energy consumption. 
(2) When the three high speed trains operate at their own maximum operation speed 
individually, Shinkansen E6 has the longest journey time. In order to achieve the same 
journey time, the maximum operation speed of the HS2 and Shinkansen N700 is to be 
determined. The energy consumptions of three trains are compared. 
(4) Simulation Outputs 
Operation strategy (1) 
Figure 4.6 and Table 4.4 show outputs from Shinkansen E6 and N700 simulations and 
compare them with the HS2 simulation, under the same maximum operation speed 320 km/h. 
 
Figure 4.6: Speed-displacement history of the Shinkansen E6, N700 running with a maximum 
operation speed of 320km/h on the London-Birmingham route compared to that of the 
corresponding HS2 reference train case 
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Table 4.4: London-Birmingham simulation results of HS2 and Shinkansen E6, N700 with a 
maximum operation speed of 320km/h 
Parameter Unit HS2 Shinkansen 
E6 
Shinkansen 
N700 
Journey time min: sec 46:58 47:38 46:34 
Energy consumed at wheel kWh 3841 2862 6273 
Energy at wheel to overcome 
gradient resistance 
kWh 192.5 223.7 373.3 
Energy at wheel to overcome 
Davis Equation resistance 
kWh 2697 1813 4301 
Energy at wheel to accelerate 
vehicle mass(overcome inertia) 
kWh 950.7 824.5 1599 
Energy at wheel to overcome 
mechanical part of Davis 
Equation resistance (A+B∙v) 
kWh 431 429.4 786 
Energy at wheel to overcome 
aerodynamic part of Davis 
Equation resistance (C∙v2) 
kWh 1940 1095 3221 
Energy at wheel to overcome 
aerodynamic part of Davis 
Equation resistance (Tf∙C∙v
2
) 
kWh 2266 1384 3514 
Energy leaving the train at wheel 
during braking 
kWh -887.4 -800.2 -1462 
Energy consumed at wheel per 
passenger (70% loaded) 
kWh 10.0 8.5 6.8 
 
Under the assumption of the same maximum operational speed (320km/h), the performance 
of Shinkansen N700 surpasses the HS2 reference train, in both journey time and energy at 
wheel per passenger. The Shinkansen E6 has longer journey time and reduced energy 
consumption per passenger. The shortened journey time of Shinkansen N700 could be 
explained by the greater acceleration ability as shown in Figure 4.6. The reduction of energy 
consumption is mainly attributed to the better aerodynamic performance of Shinkansen series. 
Operation strategy (2) 
Figure 4.7 and Table 4.5 show outputs from Shinkansen E6 and N700 simulations and 
compare them with the HS2 simulation, using the same journey time. 
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Figure 4.7: Speed-displacement history of the HS2 and Shinkansen N700 running with the 
same journey time as Shinkansen E6 on the London-Birmingham route 
Table 4.5: London-Birmingham simulation results of the HS2 and Shinkansen N700 running 
with the same journey time as Shinkansen E6 on the London-Birmingham route 
Parameter Unit HS2 Shinkansen 
E6 
Shinkansen 
N700 
Journey time min: sec 47:36 
Maximum operation speed km/h 310.6 320 305.6 
Energy consumed at wheel kWh 3712 2862 5964 
Energy at wheel to overcome 
gradient resistance 
kWh 212.1 223.7 409.6 
Energy at wheel to overcome 
Davis Equation resistance 
kWh 2576 1813 4024 
Energy at wheel to accelerate 
vehicle mass(overcome inertia) 
kWh 923.7 824.5 1530 
Energy at wheel to overcome 
mechanical part of Davis 
Equation resistance (A+B∙v) 
kWh 425 429.4 775 
Energy at wheel to overcome 
aerodynamic part of Davis 
Equation resistance (C∙v2) 
kWh 1840 1095 2968 
Energy at wheel to overcome 
aerodynamic part of Davis 
Equation resistance (Tf∙C∙v
2
) 
kWh 2151 1384 3249 
Energy leaving the train at wheel 
during braking 
kWh -866.5 -800.2 -1417 
Energy consumed at wheel per 
passenger (70% loaded) 
kWh 9.6 8.5 6.4 
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As seen from Figure 4.7, the sequence of the acceleration ability of the three high speed 
vehicles is: Shinkansen N700> HS2 reference train> Shinkansen E6. And because of the lack 
of acceleration ability, the Shinkansen E6 needs to reach a higher maximum operational 
speed to balance the longer time in acceleration. Running on the London-Birmingham route, 
the energy at wheel per passenger of HS2 reference train is greater than Shinkansen series, 
and the Shinkansen N700 is the most energy efficient one of the three. 
4.1.3 Result analysis 
(1) Tractive force and Davis equation resistance 
Tractive and resistance force per tonne reflects the vehicle’s ability to accelerate, while 
tractive force per seat indirectly determines energy consumption per passenger.  
Davis equation resistance is the resistance of a train running on flat straight track with no 
wind; higher Davis equation resistance will incur higher tractive effort, to balance the 
equation of motion. 
As seen in Figure 4.8 and Figure 4.9, the Shinkansen N700 has the lowest energy 
consumption and best acceleration ability, which agrees with our simulation results. It’s 
worth noted that the Shinkansen E6 has much spare tractive effort left at its maximum 
operation speed, which guarantees its potential to operate at above 320 km/h. 
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 (2) Tunnel effects 
The centre of Japan is dominated by steep mountains, and the main residential and industrial 
area is located in the coastal plain. The ratio of tunnel sections is 30.8% of the total route 
length in four Shinkansen main lines (on Honshu), compared to the 23.9% of the new HS2 
London-Birmingham route.  
In order to reduce the construction cost, the cross-sectional area of double track tunnels in 
Japan is 64 m
2
; compared to the 100m
2
 of UK tunnels. In calculating the aerodynamic 
resistance in tunnels, the blockage ratio is an important factor. The actual blockage ratios of 
HS2, Shinkansen E6 and N700 are calculated again and shown in Table 4.7. The reduction of 
tunnel areas will result in higher blockage ratio and higher tunnel resistance. 
Table 4.6: Estimation of double-track cross-sectional areas of tunnels for different high 
speed vehicles 
Category Country Cross-sectional area of tunnels (m
2
) 
Conventional train - 30 
 
 
UK 100 
China 100 
Figure 4.8: Tractive effort (25kV) and 
resistance per seat curve for the HS2 
reference train and Shinkansen E6, N700 
[3] [4]
 
Figure 4.9: Tractive effort (25kV) and 
resistance per tonne curve for the HS2 
reference train and Shinkansen E6, N700 
[3] [4]
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High speed train France  100 
Germany 94 
Japan 64 
 
Table 4.7: Blockage ratio of HS2, Shinkansen E6 and N700 
 HS2 Shinkansen E6 Shinkansen N700 
Cross-sectional area of the train (m
2
) 11 11 13 
Cross-sectional area of the tunnel (m
2
) 100 64 64 
Blockage ratio 0.11 0.17 0.20 
 
The Japanese Shinkansen series feature excellent aerodynamic performance, meanwhile this 
characteristic can also been regarded as a compromise to the numerous tunnels and 
comparatively small tunnel areas. Running the Shinkansen series vehicles in European 
standard tunnels would be too generous for the marvellous aerodynamic-shaped vehicles. 
Whether there is a way to further develop the Shinkansen series to fit other countries with 
more flatlands is a question that needs consideration. 
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4.2 Comparison with the China High Speed Rails 
4.2.1 Introduction 
The high speed rail service was introduced in China in 2007, and now China has the world's 
longest HSR network  with about 9,300 km (5,800 mile) of routes in service as of December 
2012, including the world's longest line, the 2,298 km (1,428 mile) Beijing-Guangzhou High 
Speed Railway. 
[5]
 China's early high speed trains were imported or built under technology 
transfer agreements with foreign train-makers including Siemens, Bombardier and Kawasaki 
Heavy Industries. Chinese engineers then re-designed internal train components and built 
indigenous trains that can reach operational speeds of up to 380 km/h (240 mph). 
[5]
 More 
details and tractive effort curve of CRH family can be found in Table 4.8 and Figure 4.10.  
Each type of CRH vehicles is further divided into A, B, C, D, E categories according to the 
production date and manufacturer. The specifications vary in each category of vehicles, 
including the maximum speed, train length, power output, layout of seats etc. 
Table 4.8: Information of CRH family
[6][7][8][9]
 
Type Series Manufacturer In service 
CRH1 Bombardier Regina, 
Zefiro 
Bombardier Sifang (Qingdao) 
Transportation Ltd. 
2007-present 
CRH2 Shinkansen Kawasaki Heavy Industries, 
Bombardier Sifang (Qingdao) 
Transportation Ltd. 
2007-present 
CRH3 Siemens Velaro Siemens, Tangshan Railway Vehicle, 
Changchun Railway Vehicle 
2008-present 
CRH5 Pendolino Alstom, Changchun Railway Vehicle 2007-present 
CRH6  CSR Nanjing Puzhen Rolling Stock 
Co. Ltd., Bombardier Sifang 
(Qingdao) Transportation Ltd., CSR 
Guangdong Jiangmen Rail Transit 
Vehicles 
Testing 
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The tractive efforts of CRH family high speed trains are compared and shown in Figure 4.10. 
Further comparisons will be made in simulation. 
 
Figure 4.10: Tractive efforts of CRH family 
[10]
 
This section concerns three types of CRH vehicle: 
1. CRH2 
2. CRH2-300 
3. CRH3 
CRH2 (4M4T) was originally a derivate of E2-1000 Series Shinkansen design 
from Japan with the license purchased from a consortium formed of Kawasaki Heavy 
Industries, Mistubishi Electric Corporation, and Hitachi. Based on the E2-1000 Series 
Shinkansen, China built its own CRH2-300 (6M2T) with a maximum safe operating speed of 
300 km/h, while the original train sets imported from Kawasaki had a maximum safe 
operating speed of 250 km/h.  
CRH3 is a version of the Siemens Velaro high speed train, which is capable of service speed 
of 380 km/h as the very similar Velaro E used in Spain, but 300 mm (11.8 in) wider to take 
advantage of a more generous structure gauge and thus be able to fit in more seats in a 2+3 
layout. 
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4.2.2 Energy Modelling 
(1) Train Data of CRH2, CRH2-300 and CRH3 
Train data used for the modelling of the CRH2, CRH2-300 and CRH3 high speed vehicles 
are shown in Figure 4.11 and Table 4.9, Table 4.10 & Table 4.11. The cross-sectional areas 
of CRH2, CRH2-300 and CRH3 are 12, 12 and 13 m
2
 respectively in calculating the 
aerodynamic tunnel factors, compared to 11 m
2
 for the HS2 reference train. 
 
Figure 4.11: Tractive effort (25kV) and resistance curve for the CRH2, CRH2-300 and CRH3 
[11][12][13]
 
Table 4.9: Train-based parameters for CRH2 
[11]
 
Parameter Unit Value 
Tare mass t 359.7 
Rotational inertia mass factor (assumed) % 6 
Mass of passengers at 100% load (seat capacity=610) t 48.8 
Passenger load factor (assumed) % 70 
Train length m 201.4 
Maximum operation speed km/h 250 
Braking rate m/s
2
 0.75 
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Table 4.10: Train-based parameters for CRH2-300 
[12]
 
Parameter Unit Value 
Tare mass t 370.8 
Rotational inertia mass factor  % 6 
Mass of passengers at 100% load (seat capacity=600) t 48 
Passenger load factor (assumed) % 70 
Train length m 201.4 
Maximum operation speed km/h 300 
Efficiency between pantograph and wheel  % 85.8 
Braking rate m/s
2
 0.75 
 
Table 4.11: Train-based parameters for CRH3C 
[13]
 
Parameter Unit Value 
Tare mass t 479.4 
Rotational inertia mass factor  % 6.7 
Mass of passengers at 100% load (seat capacity=601) t 48.9 
Passenger load factor  % 70 
Train length m 200 
Maximum operation speed km/h 350 
Braking rate m/s
2
 0.75 
  
(2) Energy/Journey time comparison 
 
Figure 4.12 shows the energy consumption at wheel of the HS2 reference train varies with 
journey time for maximum operational speeds between 260 and 360 km/h at different load 
Figure 4.12: Energy at wheel and journey time of 
CRH2, CRH2-300 and CRH3 compared to that of 
HS2 simulation at different maximum speed and 
load factor on London-Birmingham route 
Figure 4.13: Energy at wheel per passenger and 
journey time of CRH2, CRH2-300 and CRH3 
compared to that of HS2 simulation at different 
maximum speed and load factor on London-
Birmingham route 
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factors. And Figure 4.13 shows the energy consumption at wheel per passenger of the HS2 
reference train varies with journey time for maximum operational speeds. The simulation 
results of CRH2, CRH2-300 and CRH3 are used as reference points, both are running at their 
maximum operation speed, carrying 70% loaded passengers. As seen from Figure 4.13, the 
CRH2-derivation of the Shinkansen E2-1000, inherit the advantage of energy saving of 
Shinkansen series; the CRH2-300 has improved journey time than CRH2 and compatible 
energy performance with HS2 reference train; while the CRH3, derivation of Siemens Velaro, 
has shorter journey time and more energy consumption per passenger, compared with the 
corresponding HS2 simulations. 
A further quantifiable comparison of HS2 reference train, CRH2, CRH2-300 and CRH3 is 
made in the following section. 
(3) Operation Strategy 
Table 4.12 shows the maximum operation speed and journey time output of the London to 
Birmingham CRH series vehicles and compare them with those from the London to 
Birmingham baseline HS2 reference train simulation. 
ii
 
Table 4.12: Maximum operation speed and journey time of HS2, CRH2 & CRH2-300 & 
CRH3 on London-Birmingham high speed route 
High speed rail Maximum operation speed (km/h) Journey time (min: second) 
HS2 360 44: 57 
CRH2 250 55: 42 
CRH2-300 300 49: 08 
CRH3 350 47: 46 
 
In order to compare the performances of HS2 and CRH2, CRH2-300, CRH3 under the same 
conditions, two operation strategies are used here: 
                                                          
ii
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 (1) The maximum operation speed of all train types is kept as 250 km/h (the minimum of 
four). The simulation results of HS2 and CRH2, CRH2-300, CRH3 are compared, in aspects 
of journey time and energy consumption. 
(2) When the three high speed trains operate at their own maximum operation speed 
individually, CRH2 has the longest journey time. In order to achieve the same journey time, 
the maximum operation speed of the HS2 and CRH2-300, CRH3 is to be determined. The 
energy consumptions of these trains are compared. 
(4) Simulation Outputs 
Operation strategy (1) 
Figure 4.14 and Table 4.13 show outputs from CRH2, CRH2-300 and CRH3 simulations and 
compare them with the HS2 simulation, under the same maximum operation speed 250 km/h. 
 
Figure 4.14: Speed-displacement history of the CRH2, CRH2-300, CRH3 running with a 
maximum operation speed of 250km/h on the London-Birmingham route compared to that of 
the corresponding HS2 reference train case 
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Table 4.13: London-Birmingham simulation results of HS2 and CRH2, CRH2-300, CRH3 
with a maximum operation speed of 250km/h 
Parameter Unit HS2 CRH2 CRH2-300 CRH3 
Journey time min: sec 53: 33 55: 42 53: 59 54: 04 
Energy consumed at wheel kWh 3014 2214 2889 3755 
Energy at wheel to overcome 
gradient resistance 
kWh 295 347 278 350 
Energy at wheel to overcome 
Davis Equation resistance 
kWh 1952 1175 1853 2440 
Energy at wheel to accelerate 
vehicle mass(overcome 
inertia) 
kWh 767.6 683.8 759 965.7 
Energy at wheel to overcome 
mechanical part of Davis 
Equation resistance (A+B∙v) 
kWh 388 458 468 451 
Energy at wheel to overcome 
aerodynamic part of Davis 
Equation resistance (C∙v2) 
kWh 1236 598 1155 1630 
Energy at wheel to overcome 
aerodynamic part of Davis 
Equation resistance (Tf∙C∙v
2
) 
kWh 1564 717 1385 1989 
Energy leaving the train at 
wheel during braking 
kWh -764 -729 -749 -950 
Energy consumed at wheel 
per passenger (70% loaded) 
kWh 7.83 5.19 6.88 8.93 
 
Under the assumption of the same maximum operational speed (250km/h), the HS2 train has 
the shortest journey time while the CRH2 has the longest journey time and minimum energy 
consumption per passenger. The performance of CRH2-300 is remarkable; it has slightly 
increased journey time compared with HS2 and roughly the same amount of energy 
consumption per passenger as CRH2. The CRH3 has the greatest per passenger energy 
consumption. 
Operation strategy (2) 
Figure 4.15 and Table 4.14 show outputs from CRH2, CRH2-300 and CRH3 simulations and 
compare them with the HS2 simulation, using the same journey time. 
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Figure 4.15: Speed-displacement history of the HS2 and CRH2-300, CRH3 running with the 
same journey time as CRH2 on the London-Birmingham route 
Table 4.14: London-Birmingham simulation results of the HS2 and CRH2-300, CRH3 
running with the same journey time as CRH2 on the London-Birmingham route 
Parameter Unit HS2 CRH2 CRH2-300 CRH3 
Journey time min: 
sec 
55: 42 
Maximum operation speed km/h 235 250 238 238 
Energy consumed at wheel kWh 2821 2214 2745 3565 
Energy at wheel to overcome 
gradient resistance 
kWh 345 347 324 395 
Energy at wheel to overcome 
Davis Equation resistance 
kWh 1743 1175 1690 2238 
Energy at wheel to accelerate 
vehicle mass(overcome inertia) 
kWh 733 684 732 932 
Energy at wheel to overcome 
mechanical part of Davis 
Equation resistance (A+B∙v) 
kWh 374 458 446 434 
Energy at wheel to overcome 
aerodynamic part of Davis 
Equation resistance (C∙v2) 
kWh 1084 598 1038 1477 
Energy at wheel to overcome 
aerodynamic part of Davis 
Equation resistance (Tf∙C∙v
2
) 
kWh 1369 717 1243 1804 
Energy leaving the train at wheel 
during braking 
kWh -754 -729 -741 -935 
Energy consumed at wheel per 
passenger (70% loaded) 
kWh 7.33 5.19 6.54 8.47 
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As seen from Table 4.14, to achieve the same journey time, the HS2 reference train has the 
minimum operation speed while the CRH2 has to reach the maximum speed. Running on the 
London-Birmingham route, the CRH3 has the worst performance in energy efficiency, and 
CRH2 is still the most energy efficient high speed vehicle. 
 
4.2.3 Result Analysis 
The CRH2 (derived from Shinkansen E2-1000) and Shinkansen N700 are both proven to be 
high-efficiency high speed vehicles in energy consumption. Is there a winner of the two 
vehicles in energy saving? The characteristics of CRH2 and Shinkansen N700 are compared. 
Table 4.15: Characteristics of CRH2 and Shinkansen N700 
 CRH2 Shinkansen N700 
Maximum operation speed (km/h) 250 330 
Journey time (min:sec) 55:42 45:59 
Passenger capacity 610 1323 
Passenger density per meter in length (/m) 3.03 3.31 
Energy consumed at wheel per passenger km on 
London-Birmingham route 
 (70% loaded) (Wh/pass km) 
 
29.6 
 
39.9 
 
As seen in Table 4.15, the Shinkansen N700 has higher passenger density per meter in length 
of the train. The CRH2 saves about 10 Wh energy per passenger km at the cost of 10 minutes 
longer journey time. However, it’s unfair to compare the energy consumption under different 
cruising speeds. The Davis equation resistances per seat of CRH2 and Shinkansen N700 are 
plotted in Figure 4.16. 
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Figure 4.16: Davis equation resistance per seat of CRH2 and Shinkansen N700 
The resistance per seat of Shinkansen N700 in the very low speed range is more than that of 
the CRH2, but at the same speed 250km/h – the cruising speed of CRH2, the resistance of 
Shinkansen N700 is actually less than the CRH2, which reveals the better aerodynamic 
performance of Shinkansen N700. 
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4.3 Comparison with TGV Duplex 
4.3.1 Introduction 
The TGV (Train à Grande Vitesse) is France's high speed rail service, operated by SNCF 
Voyages, the long distance rail branch of SNCF, the national rail operator. 
[14]
 The TGV 
Duplex is unique among TGV trains in that it features bi-level carriages. The Duplex 
inaugurated the third generation of TGV trainsets, and was specially designed to increase 
capacity on high speed lines with saturated traffic. 
[15]
 
The double deck train has two levels of passenger accommodation, as opposed to one, which 
increases the passenger capacity. The use of double deck carriages, where feasible, can 
resolve the capacity problem on a railway, avoiding the associated problems of other options 
such as longer trains (which require longer station platforms), more frequent train operations 
(which the signalling or safety requirements may not allow) or constructing extra tracks 
besides the existing line. 
In this section, the energy efficiency of the double deck train, i.e. TGV Duplex, will be 
investigated. 
    
Figure 4.17: TGV Duplex 
[15]
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4.3.2 Energy Modelling 
Simulations are carried out of the TGV Duplex running on the same HS2 line, a double-
decker train powered by 8 × 1100 kW-rated 3-phase synchronous traction motors located in 2 
power cars. 
(1) Train Data of TGV Duplex 
Train data used for the modelling of the TGV Duplex train are shown in Figure 4.18 and 
Table 4.16. In calculating the aerodynamic tunnel factors, the cross-sectional area of TGV 
Duplex is assumed to be 15m
2
, instead of 11m
2
. 
[16]
 
 
Figure 4.18: Tractive effort (25kV) and resistance curve for the TGV Duplex 
[17]
 
Table 4.16: Train-based parameters for TGV Duplex 
[16]
 
Parameters Symbol Unit Value 
Tare mass (including 7 tonnes for water and other services) MT t 387 
Rotational inertia mass factor   % 4 
Mass of passengers at 100% load (seat capacity=545) MP t 41 
Passenger load factor LF % 70 
Train length LTRAIN m 200 
Maximum operational speed vMAX km/h 330 
Braking rate aB m/s
2
 8 
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(2) Energy/Journey time comparison 
 
Figure 4.19 shows the energy consumption at wheel of the HS2 reference train varies with 
journey time for maximum operational speeds between 260 and 360 km/h at different load 
factors. And Figure 4.20 shows the energy consumption at wheel per passenger of the HS2 
reference train varies with journey time for maximum operational speeds. The simulation 
result of TGV Duplex is used as reference points, running at its maximum operation speed, 
carrying 70% loaded passengers.  
As seen from Figure 4.20, the TGV Duplex is competitive with the HS2 reference train in 
both journey time and energy consumption per passenger, if both runs at 330km/h. However, 
the HS2 reference train has higher speeding space, up to 360km/h. A further quantifiable 
comparison of HS2 reference train and TGV Duplex is made in the following section. 
 
 
Figure 4.19: Energy at wheel and journey time of 
TGV Duplex compared to that of HS2 simulation 
at different maximum speed and load factor on 
London-Birmingham route 
Figure 4.20: Energy at wheel per passenger and 
journey time of TGV Duplex compared to that of 
HS2 simulation at different maximum speed and 
load factor on London-Birmingham route 
TGV Duplex 
330 km/h 
70% loaded 
260 km/h 
360 km/h 
300 km/h 
TGV Duplex 
330 km/h 
70% loaded 
260 km/h 
300 km/h 
360 km/h 
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(3) Operation Strategy 
Table 4.17 shows the maximum operation speed and journey time output of the London to 
Birmingham TGV Duplex vehicles and compare them with those from the London to 
Birmingham baseline HS2 reference train simulation. 
iii
 
Table 4.17: Maximum operation speed and journey time of HS2 and TGV Duplex on London-
Birmingham high speed route 
High speed rail Maximum operation speed (km/h) Journey time (min: second) 
HS2 360 44: 57 
TGV Duplex 330 46: 26 
 
In order to compare the performances of HS2 and TGV Duplex under the same conditions, 
two operation strategies are used here: 
 (1) The maximum operation speeds of HS2 and TGV Duplex are 330 km/h (the minimum of 
two). The simulation results of HS2 and TGV Duplex are compared, in aspects of journey 
time and energy consumption. 
(2) When the three high speed trains operate at their own maximum operation speed 
individually, TGV Duplex has the longer journey time. In order to achieve the same journey 
time, the maximum operation speed of the HS2 is to be determined. The energy 
consumptions of two trains are compared. 
(4) Simulation Outputs 
Operation strategy (1) 
Figure 4.21 and Table 4.18 show outputs from TGV Duplex simulation and compare it with 
the HS2 simulation, under the same maximum operation speed 330 km/h. 
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Figure 4.21: Speed-displacement history of the HS2 reference train running with a maximum 
operation speed of 330km/h on the London-Birmingham route compared to that of the 
corresponding TGV Duplex train case 
Table 4.18: London-Birmingham simulation results of HS2 and TGV Duplex with a maximum 
operation speed of 330km/h 
Parameter Unit HS2 TGV Duplex 
Journey time min: sec 46:23 46:26 
Energy consumed at wheel kWh 3971 4376 
Energy at wheel to overcome gradient resistance kWh 191 173.4 
Energy at wheel to overcome Davis Equation 
resistance 
kWh 2799 3215 
Energy at wheel to accelerate vehicle mass 
(overcome inertia) 
kWh 980.7 987.5 
Energy at wheel to overcome mechanical part of Davis 
Equation resistance (A+B∙v) 
kWh 434 1294 
Energy at wheel to overcome aerodynamic part of 
Davis Equation resistance (C∙v2) 
kWh 2027 1545 
Energy at wheel to overcome aerodynamic part of 
Davis Equation resistance (Tf∙C∙v
2
) 
kWh 2365 1921 
Energy leaving the train at wheel during braking kWh -910.6 -884 
Energy consumed at wheel per passenger (70% 
loaded) 
kWh 10.3 11.5 
 
As seen in Figure 4.20, the running performance of TGV Duplex is highly similar to the HS2 
reference train, and both of the high speed vehicles are developed by Alstom. To run the 
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TGV Duplex and HS2 under the same maximum speed 330km/h, the HS2 reference train is a 
little bit better in both journey time and energy consumption per passenger. 
Operation strategy (2) 
Figure 4.22 and Table 4.19 show outputs from TGV Duplex simulation and compare it with 
the HS2 simulation, using the same journey time. 
 
Figure 4.22: Speed-displacement history of the HS2 reference train running with the same 
journey time as TGV Duplex on the London-Birmingham route 
Table 4.19: London-Birmingham simulation results of the HS2 reference train running with 
the same journey time as TGV Duplex on the London-Birmingham route 
Parameter Unit HS2 TGV Duplex 
Journey time min: sec 46:26 
Maximum operation speed km/h 329.4 330 
Energy consumed at wheel kWh 3963 4376 
Energy at wheel to overcome gradient resistance kWh 191 173.4 
Energy at wheel to overcome Davis Equation 
resistance 
kWh 2793 3215 
Energy at wheel to accelerate vehicle mass 
(overcome inertia) 
kWh 978.7 987.5 
Energy at wheel to overcome mechanical part of 
Davis Equation resistance (A+B∙v) 
kWh 433.8 1294 
Energy at wheel to overcome aerodynamic part of 
Davis Equation resistance (C∙v2) 
kWh 2021 1545 
Energy at wheel to overcome aerodynamic part of 
Davis Equation resistance (Tf∙C∙v
2
) 
kWh 2359 1921 
Energy leaving the train at wheel during braking kWh -909.1 -884 
Energy consumed at wheel per passenger (70% kWh 10.4 11.5 
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loaded) 
 
The similarity between the TGV Duplex and HS2 reference train is shown again in Figure 
4.21. However, if both high speed vehicles are running under the same journey time, the 
performance of HS2 is still slightly better than the TGV Duplex. 
4.3.3 Result Analysis 
The TGV Duplex was built to increase train capacity without increasing length or the number 
of trains. Each carriage has two levels; the boarding door is located at the lower level to take 
advantage of low French platforms. A staircase gives access to the upper level, where the 
gangway between carriages is also located. 
The double-deck design usually lowers the bottom floor to below the top edge of the wheels, 
and then adds an upper floor above. Such a design fits the train under more bridges, tunnels 
and transmission lines. For cost and safety reasons, this design also minimizes car height  and 
lowers the centre of gravity. 
The double deck train is applied widely worldwide, e.g. in Australia, Finland, Indian, Russia, 
the United States etc. In the United Kingdom, due to the small loading gauge, the railway 
system cannot accommodate double-deck trains.
iv
 Two more double deck vehicles are 
discussed here: Japanese Shinkansen E4 and Swiss IC 2000.  
The Shinkansen E4 is a high-speed train type operated by JR East in Japan. They were the 
second series of completely double deck Shinkansen trainsets to be built in Japan, after the 
Shinkansen E1. 
                                                          
iv
 Great Britain has (in general) the most restrictive loading gauge (relative to gauge) in the world. his is a legacy 
of the British railway network being the world's oldest, and it having being built by a plethora of different 
private companies, each with different standards for the width and height of trains. Network Rail uses 
a W loading gauge classification system of freight transport ranging from W6A (smallest) through W7, W8, W9, 
W9Plus, W10, W11 to W12 (largest). The definitions assume a common "lower sector structure gauge" with a 
common freight platform at 1,100 mm (43.31 in) above rail. 
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The IC 2000 is a double deck train in Switzerland and is run by Swiss Federal Railways 
(SBB) as part of its InterCity service. 
How is the passenger capacity of double deck trains, compared with the conventional single-
level ones? Does the double deck train have larger cross sectional area than single deck train? 
These two questions will be investigated here. 
Seat density (number of passenger per meter length of the train) 
In Table 4.20, the seat densities of three double deck vehicles – TGV Duplex, Shinkansen E4 
and IC 2000 are compared with that of three single deck high speed vehicles – HS2 reference 
train, Shinkansen N700 and the Transrapid maglev. 
Table 4.20: Number of passengers per meter length of different trains 
High speed vehicle TGV duplex Shin. E4 IC 2000 HS2 Shin. N700 Maglev 
Type Double deck Single deck 
Number of seats 545 817 625 550 1323 876 
Train length (m) 200 201.4 200.6 200 400 200 
Seat density(/m) 2.73 4.06 3.12 2.75 3.31 4.38 
Maximum speed 
(km/h) 
330 240 200 360 330 500 
As seen in Table 4.15, there is no tremendous advantage of the double deck train over the 
single deck train, in number of passengers per meter length of the train. Besides the number 
of decks, the number of passengers in a row is also a significant factor in determine the 
passenger density. A typical TGV duplex trainset is composed of 3 first class cars, 4 second 
class cars and one bar car, in which the first class fits 3 passengers in a row and the second 
class has 4 passengers per row. The Shinkansen N700, on the other hand, put five passengers 
in a row instead of the conventional four; meanwhile the width of the train is only slightly 
increased, the Shinkansen N700 still runs on standard gauge (1435mm). 
The Transrapid maglev is an exception to this case, for it’s not running on traditional tracks 
and the width of the maglev is not limited by railway standards. The Transrapid maglev is 3.7 
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m in width (with up to 6 seats per row), compared to the 3.38m of Shinkansen N700 and 
2.8m of IC 2000. 
Meanwhile, it’s worth notifying that the seating space per passenger conflicts with the 
comfort of passengers. Previous discussion in this section only considers the energy saving 
aspect. 
Cross-sectional area 
The sketch of four different vehicles’ cross-sectional areas is shown in Figure 4.23. The 
widest train of the four is the Transrapid maglev, which also has the maximum cross-
sectional area; and the narrowest train is the HS2 reference train, meanwhile featuring the 
minimum area. The Shinkansen N700 has the lowest height and the TGV duplex ranks the 
first place in height of the train. 
The TGV duplex train has higher roof to fit the dual-level in, resulting in larger cross-
sectional area than single deck trains. But the Transrapid maglev overcomes the TGV double 
deck train in cross-sectional area, with up to 6 seats per row. 
 
Figure 4.23: Sketch of the cross-sectional areas of different trains 
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There are generally two ways to increase the passenger capacity: to increase the number of 
passengers per unit length of the train (to fit more passengers in a row) and to increase the 
number of passengers per unit height of the train (double deck). However, the energy 
efficiency of these way methods needs further investigation.  
Axle load 
The axle load and track contact force is significantly increased for double-deck trains, 
particularly for those with articulated bogies. The maintenance cost of railway infrastructure 
is thus increased. 
Dwell time 
Dwell time at station is considerably increased due to the use of staircase. 
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4.4 Comparison with the Transrapid Maglev System 
4.4.1 Introduction 
Maglev (derived from magnetic levitation) is a propulsion method that uses magnetic 
levitation to propel vehicles instead of with axles, bearings and wheels. With maglev, a 
vehicle is levitated a short distance away from a guide-way using magnets to create both lift 
and thrust forces. 
The Transrapid Maglev uses largely passive vehicles propelled by linear motors mounted 
under the edges of the concrete guideway, as shown in Figure 4.24
[20]
. The sides of the 
vehicles are extended downward and a reaction rail wraps round the linear motor, as can be 
seen in cross-section in Figure 4.25
[20]
. 
 
It must also be recognised that the German Transrapid is not the only implementation of 
maglev transport available. For several decades, Japanese companies have been developing a 
superconducting maglev system which is based on different principles to Transrapid.  
The Japanese SCMaglev system uses the electro-dynamic suspension (EDS) system. Installed 
in the trains' bogies are superconducting magnets and the guide-way contains two sets of 
metal coils. The current levitation system utilizes a series of coils wound into a "figure 8" 
along both walls of the guide-way. These coils are also cross-connected underneath the track, 
Figure 4.24: Linear motor Figure 4.25: Cross section of lift magnet and reaction rail 
support 
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which generate guiding and stabilizing forces. As the coils are cross-connected underneath 
the guide-way, if the train moves off the centre, currents are induced into the connections that 
correct its positioning. 
[18]
 
 
Figure 4.26: Electrodynamic suspension system of SCMaglev 
[21]
 
The study of this section concentrates on the Transrapid system used in Shanghai. 
 
4.4.2 Energy Modelling 
Simulations are carried out of a Transrapid maglev train composed of 10 vehicles, having a 
seating capacity of 876 passengers, running along the London to Birmingham HS2 route.  
 
(1) Train data of Transrapid maglev 
  
Auxiliary power supply 
Above 20 km/h, on-board power is derived by electromagnetic induction from the traction 
system. The power taken from the propulsion system by the auxiliary power arrangements for 
both levitation and hotel services has been calculated (by reverse engineering) and is shown 
on the Figure 4.27. 
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Figure 4.27: Auxiliary power supply of Transrapid maglev train 
[19]
 
 
Davis equation resistance 
The total resistance FR is composed of three parts: 
                                                                            
FA is the aerodynamic resistance; 
        
                                                           
FM is the magnetic drag; 
            
                                                        
FB is the resistance of linear generator; 
   {
 
     
                   ⁄
           
            
             
                               
Where, F is in kN; 
v is the velocity of the train, in km/h; 
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N is the number of cars per train; 
Figure 4.28 demonstrates the different components of resistance of the Transrapid maglev. 
For a certain number of cars per train, the aerodynamic resistance FA and magnetic resistance 
FM goes up as the increase of speed. The resistance of the linear generator FB is zero at the 
velocity between 0 and 20 km/h; at the velocity between 20 and 70 km/h, FB is proportional 
to the number of cars per train, so for a fixed number of cars, FB remains constant; and FB 
decreases as the increase of speed between 70 and 500 km/h. So the total resistance increases 
FR as the increase of speed below 70km/h; and between 70 and 500 km/h, the total resistance 
FR decreases first then goes up as the increase of velocity. 
Figure 4.29 shows the variation of the total resistance FR as the increase of speed for different 
train sets. At the same speed, the total resistance FR goes up as the increase of number of cars 
in a train. 
 
Tractive effort 
No tractive effort curve of the Transrapid maglev has been made available to the author. It is 
therefore calculated with reference to acceleration performance data, shown in Figure 4.30, in 
Figure 4.28: Different components of 
resistance of Transrapid maglev (10 
cars per train) 
[19]
 
 
Figure 4.29: Total resistance of Transrapid 
maglev for different number of cars per train 
 
N=5 
N=2 
N=4 
N=6 
N=8 
N=10 
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which the maglev train is assumed to be running on a level track with no passenger on board. 
The tractive effort is thus calculated based on the acceleration performance, with reference to 
the resistance force. 
The one-dimensional equation of motion used to describe the vehicle dynamics is: 
      
  
  
                                                         
To calculate the tractive effort of Transrapid maglev, Equation 5- can be simplified as: 
 
  
  
                                                                   
 
Table 4.21: Transrapid maglev parameters used for the simulations 
Parameters Symbol Unit Value 
Tare mass MT t 574 
Rotational inertia mass factor   % 0 
Mass of passengers at 100% load(seat capacity=876) MP t 66 
Passenger load factor LF % 70 
Train length LTRAIN m 252 
Station dwell time tDWELL min 2 
 
Figure 4.30: Acceleration performance of 
Transrapid maglev 
 
Figure 4.31: Calculated tractive effort of 
Transrapid maglev  
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Table 4.21 summarizes the train data input into the simulation. The rotational inertia factor is 
assumed to be zero due to the linear nature of the propulsion system. Additionally, the overall 
efficiency of the drive and electrical supply systems is quoted as 77.2%, which includes the 
losses from the substation transformer and transmission to track. The line-to-wheel efficiency 
of the drive system of Transrapid maglev is equal to that of the line-to-wheel efficiency of the 
HS2 train, i.e. 82.3%. 
In reality, the Transrapid maglev has a greater ability to negotiate gradient and curves than 
high speed trains, thus the route of a Transrapid maglev guideway could well be significantly 
different to that of the HS2 route. Examples of greater route flexibility of the Transrapid 
maglev system compared to high speed rail include its ability to operate on gradients up to 
10%, compared to 4% typically for high speed rail, and on curves with a minimum radius of 
1.6 km at 300km/h, compared to typically 3.2 km for high speed rail. 
[19] 
However,
 
the fact 
that maglev is able to run at smaller radius is because of its increased cant and tilt, at the price 
of decreased passenger comfort.  
Nevertheless, with no detailed route data available for a potential Transrapid maglev system, 
running the Transrapid on the HS2 route is sufficient for the purposes of this investigation. 
The vehicle data used for Transrapid simulation are based on those used in the environmental 
assessment of a potential Transrapid maglev network in the UK. 
[20]
 The train consists of 10 
cars and has a seating capacity of 876, with up to 6 seats per row. 
(2) Route data 
The maximum linespeed along the HS2 route is raised from 400km/h to 500km/h. All other 
linespeeds are kept the same as previous analysis. 
Tunnel factor 
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The tunnel factor is used to multiply the aerodynamic component of Davis equation 
resistance, to calculate the running resistance in tunnels. The cross-sectional area of 
Transrapid maglev is 16m
2
 compared to the 11m
2
 of HS2 reference train. The calculation of 
the Transrapid maglev tunnel factor is carried out using the empirical equation, as illustrated 
in Chapter 2.
v
 
 4.4.3 Simulations 
(1) Simulation results 
Figure 4.32 and 4.33 present the simulation outputs of the Transrapid maglev train running on 
London-Birmingham HS2 route and compare them with the HS2 baseline simulation. 
 
Figure 4.32: Speed-time history of the Transrapid maglev running with a maximum 
operational speed of 500 km/h on the London to Birmingham route compared to that of the 
corresponding HS2 reference train baseline case 
 
 
 
                                                          
v
 Chapter 2, page 76 
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Figure 4.33: Power-time history of the Transrapid maglev running with a maximum 
operational speed of 500 km/h on the London to Birmingham route compared to that of the 
corresponding HS2 reference train baseline case 
 
(2) Energy/Journey time comparison 
 
Figure 4.34 shows the energy consumption at wheel of the HS2 reference train varies with 
journey time for maximum operational speeds between 260 and 360 km/h at different load 
factors. And Figure 4.34 shows the energy consumption at wheel per passenger of the HS2 
reference train varies with journey time for maximum operational speeds. The simulation 
Figure 4.34: Energy at wheel and journey time of 
Transrapid maglev compared to that of HS2 
simulation at different maximum speed and load 
factor on London-Birmingham route 
Figure 4.35: Energy at wheel per passenger and 
journey time of Transrapid maglev compared to 
that of HS2 simulation at different maximum speed 
and load factor on London-Birmingham route 
Transrapid maglev 
500km/h 
70% loaded 
360 km/h 
260 km/h 
300 km/h 
Transrapid maglev 
500km/h 
70% loaded 
360 km/h 
260 km/h 
300 km/h 
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result of Transrapid maglev is used as reference points, running at its maximum operation 
speed, carrying 70% loaded passengers.  
As seen from Figure 4.35, the Transrapid maglev is much faster than the HS2 reference train. 
However, its energy consumption per passenger is roughly the same as the 70% loaded HS2 
with a maximum speed of 360km/h. A further quantifiable comparison of HS2 reference train 
and Transrapid maglev is made in the following section. 
(3) Operation strategy 
Table 4.22 shows the maximum operation speed and journey time output of the London to 
Birmingham Transrapid maglev and compare them with those from the London to 
Birmingham baseline HS2 reference train simulation. 
Table 4.22: Maximum operation speed and journey time of HS2 and Transrapid maglev on 
London-Birmingham high speed route 
High speed rail Maximum operation speed (km/h) Journey time (min: second) 
HS2 360 44: 57 
Transrapid maglev 500 39: 15 
 
In order to compare the performances of HS2 reference train and Transrapid maglev under 
the same conditions, two operation strategies are used here: 
 (1) The maximum operation speeds of HS2 and Transrapid maglev are 330 km/h (the 
minimum of two). The simulation results of HS2 and Transrapid maglev are compared, in 
aspects of journey time and energy consumption. 
(2) When the three high speed trains operate at their own maximum operation speed 
individually, HS2 has the longer journey time. In order to achieve the same journey time, the 
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maximum operation speed of the Transrapid maglev is to be determined. The energy 
consumptions of two trains are compared. 
Operation strategy (1) 
Figure 4.36 and Table 4.23 show outputs from Transrapid maglev simulation and compare it 
with the HS2 simulation, under the same maximum operation speed 360 km/h. 
 
Figure 4.36: Speed-displacement history of the Transrapid maglev running with a maximum 
operation speed of 360km/h on the London-Birmingham route compared to that of the 
corresponding HS2 reference train case 
Table 4.23: London-Birmingham simulation results of HS2 and Transrapid with a maximum 
operation speed of 360km/h 
Parameter Unit HS2 Transrapid 
maglev 
Journey time min: sec 44: 57 43: 35 
Energy consumed at wheel kWh 4354 6928 
Energy at wheel to overcome gradient resistance kWh 141 299 
Energy at wheel to overcome Davis Equation 
resistance 
kWh 3137 / 
Energy at wheel to overcome total running resistance kWh / 5062 
Energy at wheel to accelerate vehicle mass 
(overcome inertia) 
kWh 1076 1567 
Energy at wheel to overcome mechanical part of Davis 
Equation resistance (A+B∙v) 
kWh 447.3 / 
Energy at wheel to overcome aerodynamic part of 
Davis Equation resistance (C∙v2) 
kWh 2311 / 
Energy at wheel to overcome aerodynamic part of 
Davis Equation resistance (Tf∙C∙v
2
) 
kWh 2690 / 
Energy at wheel to overcome aerodynamic resistance kWh / 3095 
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(exclude tunnel effects) 
Energy at wheel to overcome aerodynamic resistance 
(include tunnel effects) 
kWh / 3768 
Energy at wheel to overcome magnetic resistance kWh / 592 
Energy at wheel to overcome generator resistance kWh / 702 
Energy leaving the train at wheel during braking kWh -976 -1349 
Energy consumed at wheel per passenger (70% 
loaded) 
kWh 11.31 11.30 
Under the principle of the same maximum operational speed (360km/h), the performance of 
Transrapid maglev surpasses the HS2 reference train; the journey time is decreased while 
using about the same amount of energy per passenger. 
Operation strategy (2) 
Figure 4.37 and Table 4.24 show outputs from Transrapid maglev simulation and compare it 
with the HS2 simulation, using the same journey time. 
 
Figure 4.37: Speed-displacement history of the Transrapid maglev running with the same 
journey time as the HS2 reference train on the London-Birmingham route 
Table 4.24: London-Birmingham simulation results of the Transrapid maglev running with 
the same journey time as the HS2 reference train on the London-Birmingham route 
Parameter Unit HS2 Transrapid 
maglev 
Maximum speed km/h 360 333.4 
Energy consumed at wheel kWh 4354 6453 
Energy at wheel to overcome gradient resistance kWh 141 310 
189 
 
Energy at wheel to overcome Davis Equation 
resistance 
kWh 3137 / 
Energy at wheel to overcome total running resistance kWh / 4699 
Energy at wheel to accelerate vehicle mass 
(overcome inertia) 
kWh 1076 1444 
Energy at wheel to overcome mechanical part of Davis 
Equation resistance (A+B∙v) 
kWh 447 / 
Energy at wheel to overcome aerodynamic part of 
Davis Equation resistance (C∙v2) 
kWh 2311 / 
Energy at wheel to overcome aerodynamic part of 
Davis Equation resistance (Tf∙C∙v
2
) 
kWh 2690 / 
Energy at wheel to overcome aerodynamic resistance 
(exclude tunnel effects) 
kWh / 2767 
Energy at wheel to overcome aerodynamic resistance 
(include tunnel effects) 
kWh / 3387 
Energy at wheel to overcome magnetic resistance kWh / 576 
Energy at wheel to overcome generator resistance kWh / 736 
Energy leaving the train at wheel during braking kWh -976 -1254 
Energy consumed at wheel per passenger (70% 
loaded) 
kWh 11.31 10.52 
 
To run the HS2 and maglev models under the same journey time, the maglev train does not 
need to reach the maximum operation speed of HS2. The energy consumed at wheel per 
passenger of the HS2 reference train is greater than that of the Transrapid maglev. 
4.4.4 Result Analysis 
According to the simulation results, it cannot be denied that the Transrapid maglev has better 
performance than the HS2 reference train, in both journey time and energy efficiency. Does 
the maglev system gain a complete victory in its competition with wheel on rail high speed 
systems? The other aspects of the maglev system are discussed in the following section. 
Characteristics of maglev 
Since the advent of the maglev vehicle, a debate about its advantages and disadvantages has 
been ongoing. 
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The maglev manufactures summarized the advantages of the maglev over the conventional 
wheel-on-rail system as follows:  
1) The absence of wheels removes much noise and vibration;  
2) Owing to its guideway, a maglev train will never be derailed; 
[21]
 
3) Distributed weight-load of the guideway;  
4) Elimination of wheel and track wear providing a consequent reduction in maintenance 
costs; 
[22]
  
5) Achieves higher grades and curves in a smaller radius. 
However, the weaknesses of the maglev are also obvious: 
1) The maglev system is incompatible with wheel-on-rail systems;  
2) The switching system of maglev involves the movement of large parts of the guideway. 
This is inevitably more complicated than the switches (points) of the conventional wheel/rail 
system;  
3) The infrastructure construction cost is greatly increased.
vi
 
Due to the lack of long term operation, no data is sufficient to support any statement. This 
section attempts to objectively identify the energy characteristics of the new-born high speed 
vehicle- the maglev from the following aspects: 
Wheel-rail contact and running resistance 
                                                          
vi
 The fully elevated Shanghai Maglev was built for $US1.33 billion for 30.5 km including trains and stations. 
Thus the cost per km for dual track was $US43.6 million per km including trains and stations. Whereas, 
conventional fast rail track has been mass-produced in China for between $US4.6 and $US30.8 million per km. 
( Wikipedia. Transrapid. <http://en.wikipedia.org/wiki/Transrapid>. <accessed 01/01/2014> 
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The maglev trains is claimed to be more energy-saving than wheel-on-rail systems in both 
operation and maintenance, these statements are based on the fact that the maglev train has no 
wheel-rail contact. However, in Davis resistance equation, the aerodynamic part increases 
with the square of velocity, thus the power to overcome the resistance at a given speed varies 
with the cube of the velocity. That means, at higher speeds, irrespective of the propulsion 
system, aerodynamic resistance dominates. This is fundamental physics and has been 
extensively discussed for many forms of transport by Gabrielli and von Karman 
[23]
. At high 
speeds, the energy saved by the elimination of mechanical friction can be neglectable 
compared with the aerodynamic resistance. 
Maintenance 
Traditional wheel-on-rail systems require periodic replacement of wheels, gear, rail, etc. For 
the maglev, the maintenance cost is claimed to be very low due to the absence of mechanical 
contact. 
[24]
 However, the air gap on Transrapid is between 10 and 12mm. The track must be 
installed to tolerances much closer than this to achieve a satisfactory passenger ride and 
prevent fouling between magnet and track. Importantly, a very close tolerance on guideway 
dimensions has to be maintained throughout the life of the system. 
Gradient and curvatures 
The maglev is able to operate at steeper gradients and sharper curvatures than the traditional 
wheel-on-rail high speed systems, which guarantees more flexibility in route designing. The 
details are shown in Table 4.25. 
Table 4.25: Gradients and curvatures of maglev and wheel-on-rail systems 
[24]
 
 Maglev systems Iron wheel-on-rail systems 
Grade About 8%~10% About 3%~5% 
Curve 30 m in radius 150 m in radius 
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4.5 Discussion: A Review of High Speed Rail Experiences around the 
World 
This chapter compares the performance of various high speed vehicles running on the 
London-Birmingham high speed route, mainly in aspects of journey time and energy 
consumption. 
The high speed vehicles this chapter concerns include: the HS2 reference train, Shinkansen 
E6 and N700, CRH2, CRH2-300 and CRH3, TGV duplex and Transrapid maglev. Is there an 
overall winner in the journey time and energy efficiency competition? 
This is a good question without a good answer. I cannot say so generally that one train is 
more energy efficient than another. Every train has its own characteristics. Only on a specific 
route, can which train (or which characteristic) is more suitable for the route be determined.  
The acceleration and maximum speed of different train in previous simulations are compared, 
so a perfect example can be taken of a train with excellent acceleration ability and high 
maximum operation speed. As shown in Figure 4.38, at short distances, the increase of 
acceleration rate does not contributed greatly to the reduction of journey time. So the train’s 
ability would be useless on a route with numerous short intermediate stops; the train will end 
up with continuous acceleration and braking, wasting a lot of energy. 
 
193 
 
 
Figure 4.38: Journey time varies with distance at different acceleration rates
vii
 
Another interesting phenomenon is that, after decades of evolution, the high speed train series 
are becoming more suitable to the unique geography, climate, and population distribution 
situations of a specific country (which may not be suitable for another country). The 
Shinkansen series have been originated and developed in Japan for 50 years, thus, it offers a 
good example to explore the environmental-dependent characteristics of high speed trains: 
The Shinkansen series feature distributed power and low axle load since 1960s, to fit the 
large precipitation and soft ground foundation in Japan. Also the population is more 
concentrated in big cities and the Shinkansen is mainly used by commuters, so the ratio of the 
first class seats is less than that of the European trains. 
Also, to fit the landscape of numerous steep mountains, the cross-sectional area of 
Shinkansen lines is set for 64 m
2
, compared to the 100 m
2
 of UK standard tunnels, so as to 
reduce construction cost. The aerodynamic shape of Shinkansen series experienced several 
changes over years of development. 
                                                          
vii
 Assuming braking rate=acceleration rate 
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The equation of motion of the train is a balance between tractive effort and resistance force. 
Aside from necessary acceleration and inevitable curvatures and gradient, the running 
resistance is the main sink of energy consumption. The development of high speed trains 
aiming at eliminating mechanical and aerodynamic drags is shown in Figure 4.39. 
 
Figure 4.39: Elimination of running resistance as the development of high speed trains 
Different from the traditional high speed vehicles, the maglev train has no wheel-rail contact. 
It uses a method of propulsion that uses magnetic levitation to propel vehicles 
with magnets rather than with wheels, axles and bearings. With maglev, a vehicle is levitated 
a short distance away from a guide way using magnets to create both lift and thrust. 
[25]
 
A vactrain (or vacuum tube train) is a proposed, as-yet-unbuilt design for future high-
speed railroad transportation. It is a maglev line run through evacuated (air-less) or partly 
evacuated tubes or tunnels. The lack of air resistance could permit vactrains to use little 
● Traditional high speed train 
● Worldwide applied technology 
● Wheel rail contact 
● Mechanical and aerodynamic resistance 
● Maximum speed in service 350 km/h 
● Maglev (magnetic levitation) 
● Technology held by few countries, Germany and Japan etc.  
● World only high speed commercial line in Shanghai 
● No mechanical contact 
● Aerodynamic resistance 
● Maximum speed in service 431 km/h 
● Vactrain (vacuum tube train) 
● Maglev line run through evacuated (air-less) or partly evacuated tubes 
● No mechanical contact 
● No air resistance or greatly reduced 
● Maximum speed 6400–8000 km/h 
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power and to move at extremely high speeds, up to 4000–5000 mph (6400–8000 km/h, 
2 km/s), or 5–6 times the speed of sound at standard conditions. [26] 
However, traditional wheel-on-rail system is still the most widely used high speed rail 
technology. The characteristics regarding the existing different high speed trains are 
discussed. 
In Davis equation, the aerodynamic drag is proportional to the square of speed, while the 
mechanical drag is proportional to the speed. Compared with the mechanical drag, the portion 
of the aerodynamic drag becomes larger as the train speed increases. (See Figure 4.40) Thus, 
the advantage of the maglev train, i.e. no mechanical friction, becomes less significant as the 
speed increases. The absence of mechanical and aerodynamic resistance of the vactrain 
would contribute to higher running speed and lower energy consumption. However, the 
construction of the vacuum tube and vehicle would predictably incur great embodied energy 
and maintenance cost. 
 
 
Figure 4.40: Mechanical and aerodynamic resistance variation with speed of HS2 reference 
train 
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As to the existing traditional wheel-on-rail high speed systems, the reduction of the 
aerodynamic drag on high-speed railway train is one of the essential issues for the 
development of the desirable train system. Figure 4.41 gives a comparison of different high 
speed vehicles in the aspect of mechanical and aerodynamic resistance per seat on flat 
straight track at 300km/h. 
 
Figure 4.41: Percentage of mechanical and aerodynamic resistance per seat of different HST 
at 300km/h and maximum operation speed 
Armstrong and Swift 
[27]
 created empirical relationships to calculate the coefficients A, B and 
C of the Davis equation for the electric multiple unit (EMU) rolling stock in service. All of 
the units in service at the time has two bogies per vehicle and were close coupled with 
enclosed gangways. The coefficients of the equation can be found using the following 
constants, as they suggested: 
A= a1 × (total mass of trailer cars) + a2 × (total mass of power cars)                                (4 – 8) 
B= b1 × (train mass) + b2 × NT + b3 × NP × (total power)                                               (4 – 9) 
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C= {[c1 × (head/tail drag coefficient) × (cross-sectional area)] + [c2 × (perimeter) (length)] + 
[c3 × (perimeter) (inter-vehicle gap) × (NT + NP-1)] + [c4 × (bogie drag coefficient) × 
(number of bogies)] + [c5 × (number of pantographs)]}                                                  (4 – 10) 
Where NT is the number of trailer cars and NP is the number of power cars. 
The aerodynamic improvements can thus be carried out in aspects of the nose shape, the 
carbody surfaces, car coupling areas, the bogie, the pantograph and the pantograph cover. 
These improvements also contribute to lower noise and pressure fluctuations, improved 
riding comfort in tunnels, reduced power consumption and increased speed.  
4.6 Conclusions 
The journey time and energy consumption performance of HS2 were compared with different 
high speed trains, including the Shinkansen E6, N700, China high speed rail CRH 2, CRH2-
300, CRH3, TGV Duplex and Transrapid maglev system. The main findings are summarized 
as follows: 
 The Japanese Shinkansen series feature excellent aerodynamic performance, while the 
aerodynamic resistance dominates the total resistance at higher speeds. 
 The Chinese high speed rails have been under rapid development in the last decades, 
initially under technology transfer agreements. More recently, Chinese engineers re-
designed internal train components and built indigenous trains which operate at very 
high speeds, about 360kph. 
 Double-deck trains do not necessarily increase the passenger capacity per unit length 
of the train; the overall seat density is significantly dependent on the percentage of 
first class seats and the number of seats in a row. 
 The maglev train gains a position between the wheel-on-rail high speed trains and 
airplanes. Due to the absence of wheel-rail friction, in cruising, the energy 
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consumption of maglev train is less than that of high speed trains with similar 
operating conditions. 
 The targets of higher travel speeds and lower energy consumptions are in conflict. 
The performance of the high speed train in a general sense surpasses that of the 
conventional train with a considerable speed advantage and only slightly increased 
energy consumption. 
 If the constrains of UK limits are not considered, fitting more seats in a line and 
manufacturing double deck trains with dense seating arrangement could increase the 
passenger capacity per unit length of the train, thus the energy consumption per capita 
can be reduced. 
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Chapter 5: Life Cycle Assessment of High 
Speed Rail Infrastructure 
 
 
 
A general review of life cycle study is given at the start of this chapter, followed by a 
summary of the existing problems in life cycle assessment. The railway infrastructure 
concerns slab and ballast track, stations and special structures (tunnels, bridges etc.), the 
assessment is carried out in four stages of a whole life cycle: production, operation, 
maintenance and disposal. Discussion about the railway infrastructure is carried out at the end 
of this Chapter, to investigate the influence of route parameters on life cycle cost.
i 
  
                                                          
i
 The life cycle assessment of HS2 railway infrastructure will be carried out in Chapter 6. 
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5.1 Introduction 
As governments, corporations, and consumers become increasingly aware of the 
environmental impacts caused by products, processes, and systems, accurate environmental 
assessment becomes increasingly important. Life cycle assessment provides us a new 
perspective to investigate into daily problems and can be utilized to effectively reduce 
environmental burdens. 
A suggestion printed on paper napkin at Imperial College (Figure 5.1) tells us that energy can 
be saved by taking the stairs rather than take the lift. How much energy do lifts actually use? 
Does taking the stairs really cut the carbon footprint that much if we count in the energy 
embodied in food which will provide us energy to climb up stairs? Is the lift motor a more 
efficient energy convertor than the human body? 
The bicycle is generally considered to be the most energy-efficient self-powered means of 
transport. How much energy does it actually save if one cycles or walks to work within a 
reasonable distance instead of driving a car or taking the bus?
ii
 
                                                          
ii
 The answers to the two questions in the beginning of this chapter can be found in Appendix 1. 
Figure 5.1: Take the stairs rather 
than the lift 
 
Figure 5.2: Stages of Life Cycle Energy Consumption 
for Bicycles 
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There is no immediate answer to the questions above: energy calculation becomes more 
complicated and the answer is not so obvious when tracing the energy flow “from cradle to 
grave”. Also it is difficult to make a complete and overall estimation of the life cycle energy 
consumption, especially for the infrastructure, particularly the embodied energy emissions 
which are shared by the vehicles travelling on it. However it is still realistic to estimate which 
stage in the whole life cycle is the most significant one in terms of energy consumption and 
emissions. 
For a Mercedes-Benz A-Class car (A150 Gasoline 1.5L, 70 kW, with ECO start-stop system), 
the CO2 emissions in production phase accounts for 16% of the whole cycle, the CO2 
emissions in the operation stage takes up (83%) of total life cycle CO2 emissions, while the 
emissions in disposal only accounts for 1% of the life cycle.
[1]
 More details about the life 
cycle assessment of passenger cars can be found in Table 5.1. The percentages are about the 
same for other vehicle types, and it is clear that the energy consumption and CO2 emissions 
in the operation stage significantly surpasses the other phases in the whole life cycle analysis.   
206 
 
Table 5.1: Life cycle assessment of passenger vehicles 
[1][2][3]
 
Vehicle Description Lifetime 
mileage 
(km) 
Life cycle 
CO2 
emissions 
(tonnes CO2) 
Life cycle (%) 
Production Operation Disposal 
Mercedes-Benz 
A-Class [1] 
A150 Gasoline 1.5L, 70 kW, with 
ECO start-stop system 
 
 
300000 
23 20.6% 79% 0.4% 
Mercedes-Benz 
E-Class [2] 
E 220 CDI BlueEFFICIENCY 
Diesel 2.1L, 125 kW 
29.5 ~17% ~83% <1% 
Mercedes-Benz 
S400 Hybrid [3] 
Gasoline 3.5L V6 205 kW 
15 kW motor, Li-ion battery 
32.4 19% 80% 1% 
VW Polo [4] Diesel 1.6L TDI, 55 kW 
(un-laden weight 1157 kg) 
 
 
 
 
 
150000 
- 26% 71% 3% 
VW Polo [4] Gasoline 1.4L MPI, 63 kW 
(un-laden weight 1104 kg) 
32 16% 83% <1% 
VW Passat 
Estate B6 [5] 
Diesel 2.0L TDI, 103 kW 
(un-laden weight 1510kg) 
48 18% 82% 1% 
VW Passat 
Estate B6 [5] 
Gasoline 1.6L FSI, 85 kW 
(un-laden weight 1403kg) 
78 14% 85% <1% 
 
In this chapter, achievements and unresolved problems in life cycle phases will be reviewed 
and a life cycle analysis will be made focused on the railway system (including rolling stock 
and infrastructure) and comparisons will be made with other modes of transport. 
A few concepts need to be clarified at the beginning of this chapter: 
A life cycle assessment (LCA, also known as life-cycle analysis, ecobalance, and cradle-to-
grave analysis)
[6]
 is a technique to assess environmental impacts associated with all the stages 
of a product's life from-cradle-to-grave (i.e., from raw material extraction through materials 
processing, manufacture, distribution, use, repair and maintenance, and disposal or recycling). 
Life cycle energy analysis (LCEA) 
[6]
 is an approach in which all energy inputs to a product 
are accounted for, not only direct energy inputs during manufacture, but also all energy inputs 
needed to produce components, materials and services needed for the manufacturing process. 
An earlier term for the approach was energy analysis. 
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According to the ISO 14040
[7]
and 14044
[8]
 standards, a Life Cycle Assessment is carried out 
in four distinct phases as illustrated in the figure shown to the right. The phases are often 
interdependent in that the results of one phase will inform how other phases are completed. 
 
Figure 5.3: Phases of an LCA 
[7]  
An LCA starts with a clear and detailed statement of the goal and scope of definition, which 
lays out the content of the study and explains how and to whom the results are to be presented. 
Life cycle inventory analysis involves building up an inventory of flows from and to nature 
of a product system. Impact assessment aims at assessing the importance of potential 
environmental impacts based on the life cycle inventory flow results. Life cycle 
interpretation is a comprehensive technique to identify, quantify and evaluate information 
from the results of the life cycle impact assessment. 
The comparison of two life cycle studies of railway sleepers (crossties) is now used to further 
illustrate the methodology of life cycle analysis.  
Two previous analyses of the environmental impact of rail sleepers have been identified: 
Bolin and Smith
[9]
 examined the life cycle cost of wooden crossties in the US with 
comparison to concrete and plastic composite crossties; Ueda et al.
[10] 
evaluated the 
application of life cycle assessment to Shinkansen crossties (wooden, concrete, synthetic and 
steel) in Japan. The scope and intention of these two studies differ: 
Goal and scope 
definition 
Inventory 
analysis 
Impact 
assessment 
 
 
Interpretation 
Direct applications: 
- Product development 
and improvement 
- Strategic planning 
- Public policy making 
- Marketing 
- Other 
Life cycle assessment framework 
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The system boundary: Ueda et al. 
[10] 
provided the life cycle analysis only including the 
production stage, since no data is available on the service and waste treatment stage; while 
Bolin and Smith 
[9]
 provided the cradle-to-grave assessment, including the manufacture, 
service life and disposition. 
The unit of analysis: Ueda et al. 
[10] 
identified the functional unit as one sleeper, and the 
emission unit is defined as CO2 emission per year, which is the total CO2 emission divided by 
the sleeper’s life time; while the functional unit in Bolin and Smith’s research [9] was defined 
as 1.61km (1 mile) of rail-road track per year. 
The environmental impacts evaluated: Bolin and Smith 
[9]
 evaluated the greenhouse gas 
emissions, fossil fuel, water use and emission with potential to cause environmental pollution, 
while Ueda et al. 
[10]  
evaluated the CO2 impact only.  
The life cycle assessment results of Bolin and Smith’s research are compared with Ueda et 
al.’s work in Table 5.2 on the basis of 10EMGTPAiii. The main reason for the difference 
between CO2 emissions per sleeper per year of the two studies lies in the difference of the 
embodied carbon factor in Japan and UK, arising from different sources of energy generation, 
which on the other hand, helps to validate the fact that the life cycle analysis is 
environmentally dependent. The large difference in CO2 emissions in steel sleepers is due to 
the large proportion of electricity generation by nuclear in Japan at the time of the publication. 
Events of Fukushima have changed this situation. 
Table 5.2: Comparison of sleeper CO2 impact 
Category Mass(kg) Embodied carbon 
factor (kg CO2/kg) 
Service life 
(years) 
CO2 emissions per sleeper 
per year  
(kg CO2/sleeper yr) 
Source 
Concrete 308 0.28 45 1.91 Bolin 
and 
Smith 
[9]
 
Hardwood 70 0.47 36 0.91 
Softwood 60.2 0.45 36 0.90 
                                                          
iii
 EMGTA - Equivalent Million Gross Tonnes Per Annum 
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Steel 68.2 1.77 40 3.30 
Wood 70-72 0.20 15 0.75 Ueda et 
al. 
[10]
 Concrete 162.7 0.28 50 0.88 
Synthetic 43.4 2.29 50 1.99 
Steel 55 0.87 50 0.96 
 
The method used in this Chapter will consider construction, maintenance, operation and 
disposal of the UK rail infrastructure. This Chapter focuses only on the energy consumption 
and CO2 impact of railway infrastructure over its lifetime. For the rail track, energy and 
emissions are normalized over a meter of single track to allow summation of the 
environmental impact of components with different lifetimes. Therefore, the units used are:  
energy consumption per meter of single track per year (MJ/m∙yr) and CO2 emissions per 
meter of single track per year (kg-CO2/m∙yr). As for railway stations, evaluations are made 
referring to the passenger flow. 
5.2 Literature Review 
Generally speaking, problems in LCA mainly fall in the following categories identified in 
Reap, Roman, Duncan & Bras’s work[11] [12]: 
1. Functional unit definition 
A functional unit is a measure of the performance of the functional outputs of the 
product system
[13]
. e.g. The functional unit is defined as 500 g of packaged margarine 
used as a spread in the UK and Germany in assessing the land use impact of 
margarine
[14]
. The functional unit chosen for the study of soil organic matter 
accounting in the carbon footprint analysis of the wine chain is a 0.75-L bottle of wine 
with all data refer to the year 2009
[15]
. 
The functional unit was set as 10 km of straight high-speed passenger-only twin-track 
in Kiani’s research on environmental life-cycle assessment of railway track beds.[16] 
2. Boundary selection 
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Boundary selection determines the processes and activities included in a LCA study.  
A recent example of this problem can be observed in the debate surrounding the 
energy balance of ethanol where the selection of boundaries (like the inclusion of 
corn-based ethanol co-products or energy from combustion of lignin in cellulosic 
ethanol) can change the results significantly
[17]
 
[18]
.  
 
 
 
Figure 5.4: Boundary selection in LCA of railway infrastructure (shaded boxes are 
excluded from the LCA boundary) 
[16]
 
3. Social and economic impacts 
The assessment of environmental impacts needs to be integrated with elements and 
methodologies for social impact assessment.  
In response, the significance of social life cycle impact assessment was discussed for 
recycling systems in low-income countries, and a methodological procedure for 
assessing the contribution of formalised recycling systems was developed. 
[19]
 And to 
support this, a literature review of social impact assessment methodologies was 
carried out incorporating the social issues of both the informal and the implemented, 
formal recycling approaches. 
[20]
 
4. Alternative scenario consideration 
Raw 
materials 
Manufacturing of 
the components 
Transportation to 
the site 
Construction of 
the track beds 
Recycling of the 
components to 
same application 
Maintenance and 
renewable 
Dismantling of the 
track 
Recycling and reuse of the components to lower grade applications Landfill 
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A scenario in LCA studies is a description of a possible situation relevant for specific 
LCA applications 
[21]
, and the inherent difficulty with any formal scenario analysis 
framework is that of trying to predict with confidence the future.  
Some examples of scenarios that could be used in a LCA study include the treatment 
of waste-solvent valorisation 
[22]
 and identify the demolition process variables that 
significantly affect energy consumption and emissions of greenhouse gases in the 
end-of-life analysis of buildings
[23]
. 
5. Allocation 
Allocation refers to the procedure of appropriately allocating the environmental 
burdens of a multi-functional process amongst its functions or products. 
Examples of multi-functional processes requiring allocation include: incinerators, 
landfills, sawmills, dairies, oil refineries, metal smelting, transportation, etc. 
[24]
 
6. Negligible contribution criteria 
Even when an activity falls within the boundaries of a study, it may still be excluded 
if it’s justified to make a negligible contribution to the product’s environmental 
profile. Small mass or energy flows may still cause noticeable impacts and the sum of 
individually insignificant flows may prove significant. 
[25]
 
7. Local technical uniqueness 
Extraction, production, distribution, and end-of-life technologies used during a 
product’s life cycle can vary with location. This local technical uniqueness affects the 
types and amounts of resources demanded and wastes produced by transformation of 
these resources.  
In Gomes’s research, the environmental impact of reinforcing steel sold in France is 
evaluated, to be used with confidence in construction site work located on the French 
territory. 
[26] 
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8. Impact category selection 
The mandatory elements for a life cycle inventory assessment involve the selection of 
impact categories, category indicators and models, the assignment of life cycle 
inventory results. An example of impact category selection is given by Bosco in 
studying the soil organic matter in carbon footprint analysis of the wine chain, in 
which the impacts of different vineyard soil management scenarios were outlined. 
[27]
  
9. Spatial variation 
Unlike global impacts such as stratospheric ozone depletion and global warming, 
those affecting local, regional and continental scales require spatial information in 
order to accurately associate sources with receiving environments of variable 
sensitivity. So on a regional scale, the carbon footprint initiative in Uganda was 
studies in realizing the carbon neutral resilient systems.
 [28] 
10. Local environmental uniqueness 
Each environment affected by resource extraction or pollution is, to a greater or lesser 
extent, unique. Identification and inclusion of the environmental parameters and 
associated models in assessing the environmental key issues of a possible future 
Swedish production on industrial scale, as a biomass option suitable for one region 
might not as suitable for another region due to long transport and the related 
environment. 
[29] 
11. Dynamics of the environment 
Ignoring system dynamics in life cycle assessment may have influence on estimating 
the impact of pollution and the accuracy of life cycle assessment. Collinge
[30]
 
illustrates the importance of a dynamic life cycle assessment approach using a 
simplified case study of an institutional building, due to the long life span of buildings 
and potential changes. 
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12. Time horizons 
LCA integrates environmental impacts over time. Relevant timescale is needed when 
crediting temporary carbon storage. An assessment is made on what are relevant 
timescales to consider when including the value of temporary carbon storage in 
carbon footprinting. 
[31] 
13. Weighting and valuation 
Decision makers often consider multiple objectives that conflict or trade-off across a 
set of decision options. To identify the most preferable decision option, researchers 
need to relatively weights the importance or value of different objectives and 
aggregates them into a single composite score. 
A case study based on the design of hydrogen infrastructures is taken as a test bed to 
illustrate the capabilities of the approach presented. The minimum and maximum 
weight was given to every LCA impact so that the alternative can be optimal among 
all the candidate designs. 
[32]
 And more theoretically, the criteria for evaluating 
weighting methods is discusses in Johnsen’s study. [33]  
14. Uncertainty in the decision process 
Whether the desired outcome of a LCA is a simple benchmark or a more involved 
recommendation of action, its reliability depends on appropriate consideration of 
uncertainty. In response, LCA researchers and practitioners have proposed the 
uncertainty analysis and sensitivity analysis techniques. 
[34]
 
[35] 
15. Data availability and quality 
In general, the data for life cycle inventories is neither widely available nor of high 
quality. 
[36]
 
[37]
 
[38] 
Data collection costs can also be prohibitively large.  
"Global Guidance Principles for Life Cycle Assessment Databases" provides 
guidance principles for LCA databases; this includes how to collect raw data, how to 
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develop datasets, and how to manage databases. 
[39]
 Service life of the dwelling stock 
in Spain was determined in Rincon’s work [40], to provide accurate qualification for its 
operational impact in life cycle assessment.  
To date, a comprehensive LCA of passenger transportation has not been completed. Several 
studies and models analyse a single module, particular for specific phases, but none have 
performed a complete LCA of multiple modules including vehicle, infrastructure, and fuel 
processing chain for energy consumption, CO2 emissions, and criteria air pollutant emissions 
associated with supply chains. 
Generally, when we talk about the energy consumption of a product, it is referred to the 
energy consumed in the operation stage only. However, a product’s life cycle mainly consists 
of four stages: production/construction, maintenance, operation, disposal and recycle. 
The energy cost in the other three stages is named the embodied energy in a product’s life 
cycle time. The embodied energy in the production and fuel processing stages of a car is 
shown in Figure 5.5. 
 
Figure 5.5 Life cycle analysis chain in the production and fuel processing stage 
Materials production Vehicle manufacture Vehicle transport Vehicle use 
Primary fuel 
production 
Fuel refining Fuel distribution Fuel station 
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To calculate the embodied energy in the production/construction phase, first we need to 
access the energy embodied in construction materials. 
Hammond and Jones 
[41]
 described the development of an open-access, reliable database for 
embodied energy and carbon (dioxide) emissions associated with the construction industry, 
which realizes estimating the embodied energy in materials in the production phase. This 
inventory of carbon and energy database lists almost 200 different materials, which was 
extracted from peer-reviewed literature.  
Another important embodiment in the energy consumption in the production/construction 
stage is the energy cost of machinery used in manufacturing. Kiani 
[16]
 talked about the 
machinery used for each activity during construction, maintenance and renewal of ballast and 
slab tracks, along with typical construction speed and fuel consumption data. 
An example of the indirect energy input and CO2 emissions due to 
agricultural machinery operation is given by Araki 
[42]
, in which the amount of indirect 
emissions of CO2 as well as the indirect energy input, resulting from the application of 
agricultural machinery in the crop rotation were estimated. 
Maintenance includes activities like cleaning, repairing and replacing, and other activities to 
ensure the normal operation and services. 
The energy cost of the maintenance of road, rail (including vehicle and infrastructure) and 
aircraft was studied by Chester
[43]
; leading to an analysis of the portions of energy 
consumption in different phases in the life cycle of a type of transport. 
The energy consumption in operation phase can be calculated by counting the fuel cost and 
tracking the fuel processing chain back to the mines and wells. It should be noted that the 
efficiency of the processing chain is environmental dependent. 
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The final phase-disposal and recycle-is easy to be ignored in the whole life cycle assessment, 
also the embodied energy in waste management phase is tough to analysis, mainly due to the 
absence of attention and difficulty of data collection. In the end-of-life of a product, energy is 
consumed to manage the waste and pollution, part of the energy can be recovered by 
recycling. 
The environmental benefits of recycling are assessed against other end-of-life treatments 
(Recycling via pyrolysis, incineration with energy recovery, and disposal via landfilling) for 
carbon fibre reinforced plastic waste. 
[44]
 
Construction and demolition (C&D) waste recycling has been considered to be a valuable 
option not only for minimising C&D waste streams to landfills but also for mitigating 
primary mineral resource depletion, in response, the life cycle assessment of recycled and 
conventional concrete for structural applications are compared. 
[45]
 
The railway track is broken down to components when considering its dismantling, disposal 
and recycling, due to their different lifespan and recyclability. The recycled parts will result 
in a reduction of the manufacturing embodied energy. 
[16]
 
After collecting the data for life cycle assessment, a technique is needed to integrate all the 
data assembled, to transform the complicated database to human-friendly interface. In 
Eriksson, Blinge and Lovgren’s research[46], the road transport sector was studied with a life-
cycle perspective. A software program, KRABAT was developed to calculate environmental 
burdens of road transportation. A comprehensive GHG (Greenhouse gas)-Energy 
Calculator
[47]
 was developed in Australia, which is suitable for counting the direct and 
embodied energy and emissions of housing, food and all transportation modes etc. 
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Life cycle assessment has also been applied to almost every aspect of life, from the life cycle 
inventory for golf 
[48]
 to embodied energy in cherries
[49]
. Some of the techniques used in non-
transportation field can also be applied to the life cycle research of railways.  
Choi, Kaebernick and Lai 
[50]
 established an assessment model on the basis of the ‘material 
balance’, for manufacturing processes in terms of environmental impact. Sathre, Chester, 
Cain and Masanet 
[51]
 provided a life-cycle assessment (LCA) of carbon dioxide capture and 
storage (CCS) as a framework for holistic assessment of the energy and environmental 
footprint of a system. Life cycle analysis can also be combined with novel information 
technology to provide instant and up-to –date data for the assessment. Pearce, Johnson and 
Grant
[52]
 analysed the potential of Google 3D geographic mapping service to reduce 
embodied energy of transportation by mapping the automobile route and optimizing the life 
cycle of their products by minimizing embodied energy of transportation for manufactures. 
 
Regarding the life cycle assessment of high speed railways, numerous studies have 
contributed from different aspects: infrastructure, rolling stock, etc. Among them, some 
systematic work on California HSR system in the United States is the milestone in the 
development of high speed rail assessment.  
Chester and Horvath
[53]
 published the study of the California HSR system that examines HSR 
construction and operation from a life cycle perspective, which characterized vehicle 
operation, vehicle non-operation, electricity production components and infrastructure 
components, including construction, maintenance, and operation using a hybrid LCA 
approach, which combines economic input-output methods and process-based methods. Their 
research sets up a standard frame for upcoming research work and stands as the first 
systematic life cycle analysis of high speed railway systems. 
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Chang and Kendall
[54]
 estimated the life cycle greenhouse gas inventory for construction of 
high-speed rail infrastructure from San Francisco to Anaheim. The railway infrastructure was 
divided into different components: tracks, tunnels, bridges, and they came to the conclusion 
that aero-structures (tunnels and bridges) are more energy-intensive than normal tracks.  
Other issues about some components of railway system were also discussed. Kiani, Parry and 
Ceney 
[16]
 described the results of environmental life-cycle analyses of ballast and generic 
concrete track beds, including cast-in sleeper and embedded track systems. The scope of the 
study includes the manufacturing, construction, maintenance, dismantling and recycling of 
the track bed components.  
 
5.3 Life Cycle Assessment of Railway Infrastructure 
Under the Kyoto Protocol
iv
 and the Climate Change Act (2008), the UK has committed to a 
12.5% reduction and an 80% reduction in greenhouse gas emissions by 2050 against a 1990 
base line.
 The transport sector contributed 28% of the UK’s carbon dioxide emissions in 2011 
according to official figures
[55]
.  
Most analysis on the environmental impact of rail transport focuses on the emissions 
associated with vehicle operation – e.g. Spielmann and Scholz[56] found this to contribute 
approximately 70% of life cycle CO2 emissions. There has been relatively little analysis on 
the construction, maintenance and disposal of infrastructure, despite the same analysis 
suggesting that it is responsible for nearly 20% of CO2 emissions. (The remaining 10% 
attributed to vehicle manufacture, maintenance and disposal.) 
                                                          
iv
 Chapter 1, page 42 
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Four previous analyses of the environmental impact of rail infrastructure have been identified: 
von Rozycki et al.
[57]
 examined the German high speed rail system with a full LCA study; 
Ueda et al.
 [10]
 evaluated the Japanese Shinkansen train and track; Lee et al. 
[58]
 studied the 
Korean high speed lines, ballast and concrete track systems were compared by qualifying 
their environmental loads; Milford and Allwood 
[59]
 studied infrastructure in the UK, 
conducting an LCA study including both current and future rail tracks. These studies are used 
as a data source in the present analysis. 
The life cycle assessment in this section is restricted to UK design choices and emission 
factors. 
5.3.1 Objective 
Two types of tracks are studied in this chapter: ballast track and slab track. 
Ballast track is where the railway sleepers are laid upon ballast. The track ballast is typically 
made of crushed stone, which is used to sustain the load passed from the sleepers, to facilitate 
the drainage of water, and to keep down vegetation that might intervene in the track structure.  
Slab track, also called ballast-less track, is a railroad track in which the rails are attached to 
and supported by a slab, usually made of concrete. It is a modern form of track construction 
which has been successfully applied to high speed lines all around the world, including heavy 
rail, light rail and tram systems. Slab track technology has been proven to provide better 
performance in service and longer service life than traditional ballasted track. 
Track characters were used to normalize component emissions per meter of single track, for 
example, a single track with two rails and a sleeper spacing 0.7m uses 2m of rail and 1.4 
sleepers per meter of track. 
[59]
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Table 5.3: Ballast track specifications 
Characteristics Value 
Sleeper spacing 0.7m 
Fastenings per sleeper 4 
Baseplates per sleeper 2 
Fixings per sleeper 4 
Rails per single track 2 
Rail Joint Method (Joint track or Continuously welded track) Continuously welded 
 
Ballast tracks are generally laid on a bed of stone track ballast, which is supported by the 
prepared earthwork known as the track formation. This formation comprises the 
subgrade with a layer of sand or stone dust (usually sandwiched in waterproof plastic), 
known as the blanket, which restricts the upward movement of wet clay. Layers of 
waterproof fabric may also be there to prevent water penetrating to the subgrade. 
The slab track studied in this Chapter is the embedded rail track developed by Balfour Beatty, 
which utilises a novel rail section continually supported on a reinforced concrete track. 
Vertical and lateral support is provided through the slab, a glass fibre reinforced plastic shell 
and a polyurethane pad. No fixings or fastenings are required and additional claimed benefits 
include a reduction in maintenance requirements, primarily from the absence of ballast, 
extended service life for rails and long component service lives. 
 
Figure 5.6 Structural diagram of ballast track 
[59]
 Figure 5.7 Structural diagram of embedded slab track 
[59]
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Table 5.3 includes all the preliminary consideration of system boundary when studying the 
life cycle cost of railway infrastructure; some components are excluded from the system 
boundary, which are marked grey. The level of uncertainty is evaluated as ‘can be 
measured/known’, ‘could be measured/known’, ‘difficult to be measured/has to be assumed’, 
as is shown in Table 5.4. 
Table 5.4: System boundary of the LCA of railway infrastructure 
  
5.3.2 Energy and Emissions in the Construction Phase of Railway Infrastructure 
The embodied energy consumption and CO2 emissions considered in the construction phase 
of life cycle analysis include: 
 The energy and carbon emissions embodied in construction materials; 
 The fuel consumption of machinery used in construction; 
 Energy and emissions in transportation arising from construction 
This analysis does NOT include: 
 Design and development; 
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 Human labour; 
 Energy and emissions used to manufacture machinery 
(1) The energy and carbon emissions embodied in construction materials 
The unit value of embodied energy and emissions mainly comes from the following 
references: 
● Hammond and Jones. (2008) Embodied energy and carbon in construction materials [41]; 
● von Rozycki, Koeser & Schwarz (2003) Ecology profile of the German high-speed rail 
passenger transport system 
[57]
; 
● Lee, C. K., Lee, J. Y. & Kim (2008) Comparison of environmental loads with rail track 
systems using simplified life cycle assessment 
[58]
; 
● Milford & Allwood (2010) Assessing the CO2 impact of current and future rail track in the 
UK [59]; 
In order to give the most accurate information, priority of data selection is given to the 
references above. In some situations, the data is unavailable in the energy or emission section, 
the UK CO2 emission factor (0.078kg-CO2/MJ
[60]
) is used.   
All rail sections use 100% virgin steel (100:0) to allow comparison, so the energy and 
emissions predictions are an upper bound. Any substitution of secondary for primary material 
will result in a decrease in energy consumption and emissions. 
Track 
a. Ballast track 
The energy and emissions embodied in the materials of the components of ballast track are 
summarized in Table 5.5. 
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The service life of rail sleepers and ballast were taken from Milford and Allwood’s work [59], 
in which he quotes the results from Network Rail Vehicle Track Interaction Strategic Model. 
The range of service life reflects the effect of different traffic loads: low traffic (10 
EMGTPA
v
) leads to longer service life, high traffic load (60 EMGTPA) results in shorter 
service life. Ballast depth reflects the linespeed and tonnage: a ballast depth of 150mm is 
used at 10 EMGTPA loads and 280mm is used at 60 EMGTPA loads.
[61]
 
Referring back to the track specifications in Table 5.3, the embodied energy and carbon 
emissions in one metre of rail are calculated using energy and carbon intensity values, track 
characteristics and service life values: 
                                                                 ∑
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Where, mi is the mass of the component, Ei is the embodied energy in unit mass of the 
component, Ci is the embodied carbon in unit mass of the component, Ni is the number of 
components per unit length, Li is the service life of the component, n is the total types of 
components. 
The following results are obtained by substituting values from Table 5.5 with Equations (5-1) 
(5-2) above. 
● Embodied energy in materials of per meter of ballast track per year, is given by the sum of 
the constitution of: 
                  ∑
        
  
 
   
 
                                                          
v
 EMGTA - Equivalent Million Gross Tonnes Per Annum 
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= (60.2 × 36.8 × 2)/13 + (308 × 1.88 × 1.4)/24 + (1.65 × 24.6 × 1.4 × 4)/24 + (19.5 × 25 × 1.4 
× 2)/24 + (1680 × 0.1)/10 + (0.02 × 24.6 × 1.4 × 4)/24 + (600 × 0.1)/10 
=464 MJ/(m∙yr) 
The following results can be obtained by adapting the same procedure. For more detailed 
calculation steps, please refer to Appendix 2. 
Low traffic load =173 MJ/(m∙yr) 
● Embodied carbon in materials of per meter of ballast track per year 
High traffic load=37.0 kg CO2/(m∙yr) 
Low traffic load=14.3 kg CO2/(m∙yr) 
To divide the total energy and emission value by the load factor, the embodied energy in per 
meter of ballast track per year per tonne traffic is 7.73 MJ/(m∙yr∙tonne) for high traffic load 
and 17.3 MJ/(m∙yr∙tonne) for low traffic load; and the embodied carbon factor in per meter of 
ballast track per year per tonne traffic is 0.62 kg-CO2/(m∙yr∙tonne) for high traffic load and 
1.43 kg-CO2/(m∙yr∙tonne) for low traffic load.  
b. Slab track 
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The energy and emissions embodied in the materials of the components of slab track are 
summarized in Table 5.6. 
The same service life and traffic load relationship is applied to slab track. Low traffic (10 
EMGTPA) corresponds to longer service life, high traffic load (60 EMGTPA) results in 
shorter service life. 
The following results are obtained by substituting values from Table 5.6 with Equations (5-1) 
(5-2) above. 
● Embodied energy in materials of per meter of slab track per year 
High traffic load = 383.2 MJ/(m∙yr) 
Low traffic load = 224.7 MJ/(m∙yr) 
● Embodied carbon factor in materials of per meter of slab track per year 
High traffic load = 27.3 kg-CO2/(m∙yr) 
Low traffic load = 15.6 kg-CO2/(m∙yr) 
To divide the total energy and emission value by the load factor, the embodied energy in per 
meter of slab track per year per million tonne traffic is 6.39 MJ/(m∙yr∙mtvi) for high traffic 
load and 22.5 MJ/(m∙yr∙mt) for low traffic load; and the embodied carbon factor in per meter 
of slab track per year per million tonne traffic is 0.46 kg-CO2/(m∙yr∙mt) for high traffic load 
and 1.6 kg-CO2/(m∙yr∙mt) for low traffic load.  
Railway station 
The railway infrastructure consists of two main components: the track and the railway station. 
                                                          
vi
 mt – million tonnes 
226 
 
The station main materials breakdown for each passenger was conducted using data from 
Hammond 
[41]
. The energy and emissions intensity are then integrated to calculate the 
embodied energy and emissions in materials to construct railway station are shown in Table 
5.7. 
Special structures 
The railway route includes some special structures: tunnels, bridges etc. The purpose of 
constructing tunnels and bridges is to fit the rail route into land geography and diminish 
unnecessary length of the track. However, the construction of these special structures itself is 
a high energy embodied activity. The embodied energy and emissions in the materials of 
special structures is shown in Table 5.8. 
Table 5.8: Special structures in infrastructure manufacturing 
[57]
 
Structures Inventory Value Embodied 
Energy (MJ/t) 
Service life 
(years) 
Total Embodied Energy 
(MJ/(m∙yr)) 
 
Tunnels, 
mined  
 
Excavation soil 270 t/m 450  
100 
 
(1.88-1.90) ×10
3
 Concrete 44 t/m 1.39×10
3
 
Steel 2.1 t/m (2.46-3.64) ×10
3
 
 
Tunnels, 
trenched  
 
Excavation soil 700 t/m 450  
100 
 
(4.21-4.24) ×10
3
 Concrete 71 t/m 1.39×10
3
 
Steel 2.8 t/m (2.46-3.64) ×10
3
 
Railway 
bridges 
Concrete 89 t/m 1.39×10
3
  
50 
(1.36-1.42) ×10
5
 
Steel 4.9 t/m (2.46-3.64) ×10
3
 
 
(2) The fuel consumption of machinery used in construction 
In addition to material manufacturing, laying rail track requires component transport and 
additional processes, such as rail cutting, welding, laying and stressing. The fuel 
consumptions of machinery in the construction stage of ballast and concrete tracks at low 
traffic load (10EMGT) are shown in Table 5.9. 
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Table 5.9: Energy consumption of machinery in the construction stage (1km) 
[58]
 
Classification Ballast track Concrete track 
 Equipment Diesel (L) Petrol (L) Diesel (L) Petrol (L) 
 
Track construction 
Motor car 132 - 138 - 
Backhoe 717 - 749 - 
Forklift 210 - 219 - 
 
 
Continuously welded rail 
resetting 
Rail cutter - 2.1 - 2.1 
Rail grinder - 9 - 9.2 
Rectification - 9 - 9.2 
Welding - 18 - 18.4 
Rail blow - 27 - 27.6 
Power wrench - 255 - 260 
Rail cutting Rail cutter - - - - 
Ballast scattering 
(mechanization) 
Lifting - 514 - - 
Backhoe 11491 - - - 
Ballast tamping Tie tamper - - - - 
Engine - - - - 
Rail grinder (rotary) Rail grinder - 6.7 - 6.8 
Lighting (generator 5KW) Generator 7.2 - - - 
Concrete chipping Compressor - - 26 - 
Total - 12557 841 1132 333 
 
According to the data provided by Carbon Trust
[62]
, 1L diesel contains 11kWh (39.6MJ) 
energy and will generate 2.6 kg CO2, 1L petrol contains 9kWh (32.4MJ) energy and will 
generate 2.2 kg CO2. 
The embodied energy and emissions in per unit length of the track is calculated using the 
Equations below: 
                                                                 ∑
      
  
 
   
           
                                                                 ∑
      
  
 
   
           
Where, Vi is the volume of fuel consumed, Fei is the embodied energy in unit volume of the 
fuel, Fci is the embodied CO2 in unit volume of the fuel, Li is the service life of the 
corresponding component, n is the total types of components. 
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There is no accurate service life of lighting and lighting is used during the machinery of other 
components, so the service life of lighting is assumed to be the average service life of other 
components in calculation, which is 45 years. 
The following results can be obtained by substituting the figures of Table 5.8 and service life 
values of Table 5.5 and 5.6 with Equation (7-3) and (7-4). 
Embodied energy in machinery in per meter of ballast track per year =10.5 MJ/(m∙yr) 
Embodied carbon in machinery in per meter of ballast track per year =0.695 kg-CO2/(m∙yr) 
Embodied energy in machinery in per meter of slab track per year = 1.12 MJ/(m∙yr) 
Embodied carbon in machinery in per meter of slab track per year = 0.074 kg-CO2/(m∙yr) 
To conclude, 
To produce 1m of ballast track, we need to input 2.92 kWh (10.5MJ) of fuel and produce 
0.695kg CO2 in machinery per year. 
To produce 1m of slab track, we need to input 0.31 kWh (1.12 MJ) of fuel and produce 0.074 
kg CO2 in machinery per year.
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Table 5.5: Embodied energy in ballast track materials 
Component Mass (kg) Unit Embodied energy(MJ/kg) Embodied carbon factor (kg-CO2/kg) Service life (years)
[59]
 
Rail section 60.2 Per meter 36.8 
[59]
 2.78 
[59]
 13-38 
Concrete sleepers 308 Per sleeper 1.88 
[41]
 0.283 
[59]
 24-45 
Fastenings 1.65 Per fastening 24.6 
[59]
 1.71 
[59]
 Same as sleeper 
Baseplates 19.5 Per baseplate 25 
[41]
 1.91 
[59]
 Same as sleeper 
Ballast 900-1680 Per meter 0.1 
[41]
 0.005 
[41]
 10-52 
Fixings 0.02 Per fixing 24.6 
[59]
 1.77 
[59]
 Same as sleeper 
Sand blanket 600 Per meter 0.1 
[41]
 0.005 
[41]
 Same as ballast 
Total      
 
Table 5.6: Embodied energy in slab track materials 
Component Mass (kg/m) Embodied energy(MJ/kg) Embodied carbon factor (kg-CO2/kg) Service life (years)
[59]
 
Rail section 74 33.8 
[60]
 2.64 
[59]
 22-49 
Embedded rail pad 1.02 102 
[41]
 3 
[59]
 22-49 
Embedded rail shell 2.75 28 
[41]
 8.1 
[59]
 Same as concrete slab 
Concrete slab 1580 4.26 
[60]
 0.332 
[59]
 82.5-103.5 
Grout 86 1.6 
[59]
 0.136 
[59]
 Same as concrete slab 
Lean cement base 1200 4.6 
[41]
 0.095 
[59]
 Same as concrete slab 
Total     
 
Table 5.7:  Embodied energy in station materials 
Inventory Value Embodied Energy (MJ/g) Total Embodied Energy (MJ/p) Embodied Carbon (kg-CO2/g) Total Embodied Carbon (kg-CO2/p) 
Concrete 6 g/passenger 0.95 × 10
-3 [41]
 5.7 × 10
-3
 0.129 × 10
-3 [41]
 7.74 × 10
-4
 
Bricks 12 g/passenger 3 × 10
-3 [41]
 3.6 × 10
-2
 0.22 × 10
-3 [41]
 2.64 × 10
-3
 
Total   4.2 × 10
-2
  3.41 × 10
-3
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(3) Energy and emissions in transportation arising from construction 
Transport emissions during construction are assumed to arise through rail freight. HGV 
(Heavy goods vehicle) and rail freight energy/emission factors and the total mass of 
components were used to calculate the associated emissions. A 200km transport distance is 
assumed on all components. 
[59]
 
Table 5.10: Energy and emissions in transportation arising from construction 
Processes Energy (MJ) Emissions (kg-CO2) 
HGV (heavy goods vehicle) 11.67 MJ/vehicle km 
[60]
 0.91 kg-CO2/vehicle km 
[59]
 
Rail freight 0.26 MJ/tonne km 
[60]
 0.02 kg-CO2/tonne km 
[59]
 
 
To build one meter of ballast track, the total weight of components is 2008-2845 kg; and to 
build one meter of slab track, the total weight of components is 1944 kg. 
Assume a HGV carries 3500kg
[63]
, and half of the transportation is done by HGV (each HGV 
is fully loaded) and the other half is done by rail freight. 
The embodied energy and emissions in per unit length of the track is calculated using the 
Equations below: 
                                                                
   
                        
                    
                                                                 
                                                                                                   ⁄  
The service life is assumed to be the average service life of all components: 16 years for 
ballast track at high traffic load and 45 years at low traffic load; 52 years for slab track at 
high traffic load and 76 years at low traffic load. 
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The following results are obtained by substituting values from Table 5.10 with Equations (5-5) 
above. 
Embodied energy in transportation in per meter of ballast track per year 
High traffic load= [(2845/2)/3500 × 11.67 × 200 + (2845/2)/1000 × 0.26× 200]/16 
=64 MJ/(m∙yr) 
The following results can be obtained by adapting the same procedure. For more detailed 
calculation steps, please refer to Appendix 2. 
Low traffic load= 16 MJ/(m∙yr) 
Embodied carbon in transportation in per meter of ballast track per year 
High traffic load= 5.0 kg-CO2/(m∙yr) 
Low traffic load= 1.2 kg-CO2/(m∙yr) 
Embodied energy in transportation in per meter of slab track per year 
High traffic load = 13.4 MJ/(m∙yr) 
Low traffic load = 9.2 MJ/(m∙yr) 
Embodied carbon in transportation in per meter of slab track per year 
High traffic load = 1.0 kg-CO2/(m∙yr) 
Low traffic load = 0.72 kg-CO2/(m∙yr) 
To conclude,  
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The embodied energy in transportation in per meter of ballast track per year is 16-64 
MJ/(m∙yr), the embodied carbon is 1.2-5.0 kg-CO2/(m∙yr). 
The embodied energy in transportation in per meter of ballast track per year is 9.2-13.4 
MJ/(m∙yr), the embodied carbon is 0.72-1.0 kg-CO2/(m∙yr). 
 
5.3.3 Energy and Emissions in the Maintenance Phase of Railway Infrastructure 
Generally, a high initial cost is expected for the construction of rail infrastructure, after which 
the infrastructure is maintained over a long period to ensure the safe running of vehicles. 
The embodied energy consumption and CO2 emissions considered in the maintenance phase 
of life cycle analysis include: 
 The processing energy and emissions of track maintenance; 
 The energy and emissions of materials used in station maintenance; 
This analysis does NOT include: 
 Operation of train maintenance sites; 
 Human labour; 
 The related material and transport embodied energy and emissions of track 
maintenance; 
 The energy and emissions of machinery used in station maintenance; 
 The embodied energy and emissions in construction, maintenance and disposal stages 
of train maintenance sites 
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(1) Track maintenance 
Ballast track maintenance 
Three main maintenance activities are considered for the ballast track: rail grinding, tamping 
and stoneblowing. Rail grinding is used to maintain the profile and remove irregularities from 
the worn track to extend its life span and to improve the ride quality on the track. It is 
typically undertaken after every 45 equivalent million gross tonnes (EMGT) 
[64] 
and a regular 
rail grinding schedule is assumed. 
Tamping is required to maintain the geometry of ballast track and the frequency at which 
tamping is required is mainly determined by traffic load, a higher EMGT per annum 
(EMGTPA) will require more frequent tamping. Tamping occurs after between 15 and 30 
EMGT (Network Rail communication, 2009c); an average value of 22.5 EMGT is assumed 
in the model. 
Stoneblowing is an optional maintenance activity for ballasted track and acts to extend the 
service life of the ballast, which is not excluded in this model.  
Table 5.11: Ballast track maintenance activities and carbon emissions  
Activity Energy intensity 
(MJ/m) 
[60]
 
CO2 intensity (kg 
CO2/m)
 [59]
 
Interval (years) Frequency 
(EMGT) 
Rail grinding 12.8 1.0 0.938-5.63 45 
Tamping 1.96 0.153 0.375-2.25 22.5 
 
Slab track maintenance 
Within the service life of slab track, it is assumed that only rail grinding is needed for slab 
track. 
                                                                             
234 
 
 
                       
         
                                                                                                             
To conclude,  
The embodied energy in ballast track maintenance is 0.37MJ/(m∙mt) and the embodied 
carbon is 0.029 kg CO2/(m∙mt); 
The embodied energy in slab track maintenance is 0.28MJ/(m∙mt) and the embodied carbon 
is 0.022 kg CO2/(m∙mt); 
 
(2) Station maintenance 
In this section, the station maintenance refers to the periodical renewal of the components in 
railway station buildings. Only the embodied energy and carbon in the materials renewed are 
considered in this Chapter. The materials used in station maintenance are roughly 
proportional to the materials used in construction. The passenger flow based station 
maintenance inventory is demonstrated in Table 5.12. 
In the embodied energy and emissions analysis of railway infrastructure, there is significant 
uncertainty and restrictions in the assumptions and it is suggested that future work is 
conducted to obtain more reliable values. 
 
5.3.4 Energy and Emissions in the Operation Phase of Railway Infrastructure 
The embodied energy consumption and CO2 emissions considered in the maintenance phase 
of life cycle analysis include: 
 The electricity and heating energy used in the operation of railway stations; 
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This analysis does NOT include: 
 The other forms of energy used in the operation of railway stations; 
 The energy used in the train operation centre; 
 The energy and emissions used to operate the other devices of railway infrastructure; 
The estimation of the electricity and heating used in the operation of railway stations is 
shown in Table 5.13. 
 
5.3.5 Energy and Emissions in the Disposal Phase of Railway Infrastructure 
For the majority of track components, there are only two end-of-life options: recycling and 
landfilling. 
(1) Recycling 
The emissions associated with recycling should be counted in the construction phase of a 
downstream product and subsequently there are no end-of-life emissions arising from 
recycling in this life cycle. 
(2) Landfilling 
Landfilling also has no associated emissions, except the energy of material transportation. 
It is assumed that the emissions associated with dismantling of the track could be roughly 
estimated to be equal to the emissions calculated from the fuel consumption associated with 
track construction. The end-of-life transport emissions are assumed to be 50% of construction 
transport emissions. 
[59]  
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Based on these principles, the energy and emissions in the disposal phase of railway 
infrastructure is calculated and shown in Table 5.14. 
The average service life is also assumed to be the average service life of all components: 16 
years for ballast track at high traffic load and 45 years at low traffic load; 52 years for slab 
track at high traffic load and 76 years at low traffic load. 
                                                                              
 
                                                                         
            
             
Substituting values from Table 5.14 with Equations (5-7) above, the embodied 
energy/emissions in disposal phase of ballast/slab track is calculated below: 
The embodied energy in disposal phase of ballast track:  
High traffic load= (525+51)/16= 36 MJ/(m∙yr) 
Low traffic load= (525+36)/45= 12.5 MJ/(m∙yr) 
The embodied carbon in disposal phase of ballast track:  
High traffic load= (35+4)/16= 2.4 kg-CO2/(m∙yr) 
Low traffic load= (35+2.8)/45= 0.84 kg-CO2/(m∙yr) 
The embodied energy in disposal phase of slab track:  
High traffic load= (55+35)/16= 5.6 MJ/(m∙yr) 
Low traffic load= (55+35)/45= 2 MJ/(m∙yr) 
The embodied carbon in disposal phase of slab track:  
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High traffic load= (3.7+5.5)/16= 0.58 kg-CO2/(m∙yr) 
Low traffic load= (3.7+5.5)/45= 0.20 kg-CO2/(m∙yr) 
To conclude, the embodied energy in the disposal phase of ballast track is 12.5-36 MJ/(m∙yr), 
and the embodied carbon is 0.84-2.4 kg-CO2/(m∙yr); the embodied energy in the disposal 
phase of slab track is 2-5.6 MJ/(m∙yr), and the embodied carbon is 0.20-0.58 kg-CO2/(m∙yr). 
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Table 5.12: Energy and emissions in station maintenance 
[57]
 
Inventory Value Embodied Energy 
(MJ/g) 
Total Embodied Energy 
(MJ/p) 
Embodied Carbon  
(kg-CO2/g) 
Total Embodied Carbon  
(kg-CO2/p) 
Concrete 70 mg/passenger 0.95 × 10
-3
 6.7 × 10
-5
 0.129 × 10
-3
 9.0× 10
-6
 
Bricks 160 mg/passenger 3 × 10
-3
 4.8 × 10
-4
 0.22 × 10
-3
 3.52 × 10
-5
 
Total   5.5 × 10
-4
  4.42 × 10
-3
 
 
Table 5.13: Energy and emissions in station operation 
Inventory Value 
[57]
 Energy factor 
(MJ/kWh) 
Total Embodied Energy 
(MJ/p) 
Carbon factor  
(kg-CO2/kWh) 
[60]
 
Total Embodied Carbon  
(kg-CO2/p) 
Electricity 9.72 Wh/passenger 3.6 3.5 × 10
-3
 0.48 4.7 × 10
-3
 
Heating 35.3 Wh/passenger 3.6 0.13 0.48 1.7 × 10
-2
 
Total   0.13  2.2 × 10
-2
 
 
Table 5.14: Energy and emissions in disposal of railway infrastructure 
Inventory Embodied energy (MJ/m) Embodied emissions (kg-CO2/m) 
Track dismantling - Ballast track 525 35 
Track dismantling - Slab track 55 3.7 
End-of-life transport - Ballast track 36-51 2.8-4 
End-of-life transport - Slab track 35 5.5 
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5.3.6 Summary of the Life Cycle Cost of Railway Infrastructure 
The life cycle energy and emissions analysis of railway infrastructure is shown in Table 5.15. 
Table 5.15: Life cycle energy and emissions analysis of railway infrastructure 
Module Category Inventory Embodied energy Embodied carbon  
 
 
 
 
 
Track 
Construction - 
materials 
Ballast track 7.73-17.3 MJ/(m∙yr∙mt) 0.62-1.43 kg-CO2/(m∙yr∙mt) 
Slab track 6.39-22.5  MJ/(m∙yr∙mt) 0.46-1.6 kg-CO2/(m∙yr∙mt) 
Construction - 
machinery 
Ballast track 10.5 MJ/(m∙yr) 0.69 kg-CO2/(m∙yr)  
Slab track 1.12 MJ/(m∙yr) 0.074 kg-CO2/(m∙yr) 
Maintenance Ballast track 0.37MJ/(m∙mt) 0.029 kg CO2/(m∙mt) 
Slab track 0.28 MJ/(m∙mt) 0.022 kg CO2/(m∙mt) 
Operation Ballast track   
Slab track   
Disposal Ballast track 12.5-36 MJ/(m∙yr) 0.84-2.4 kg-CO2/(m∙yr)  
Slab track 2-5.6 MJ/(m∙yr) 0.20-0.58 kg-CO2/(m∙yr) 
Transportation Ballast track 16-64 MJ/(m∙yr) 1.2-5.0 kg-CO2/(m∙yr) 
Slab track 9.2-13.4 MJ/(m∙yr) 0.72-1.0 kg-CO2/(m∙yr) 
Station Construction   4.2×10
-2
 MJ/passenger 3.4×10
-3
 kg-CO2/passenger 
Maintenance  5.5×10
-4
 MJ/passenger 4.42×10
-3
 kg-CO2/passenger 
Operation  0.13 MJ/passenger 2.2×10
-2
 kg-CO2/passenger 
Disposal    
Special 
structures 
Construction Tunnel, 
trenched 
(1.88-1.90) ×10
3
 MJ/(m∙yr) (1.47-1.48) ×102 kg-CO2/(m∙yr) 
Tunnel, 
minded 
(4.21-4.24) ×10
3
 MJ/(m∙yr) (3.28-3.31) ×102 kg-CO2/(m∙yr) 
Railway 
bridge 
(2.72-2.84) ×10
3
 MJ/(m∙yr) 212-222 kg-CO2/(m∙yr) 
Maintenance    
Disposal    
 
 
5.4 Scenario Study: Influence of Route and Operation Parameters on Life 
Cycle Cost 
5.4.1 Definition of Functional Unit 
Assembling the information in Table 6.13, the functional unit of comparison is defined as 
energy consumption/emissions per year at high traffic load & low traffic load.  
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5.4.2 Comparison of Ballast and Slab Track 
The graph in Figure 5.8 shows the embodied energy and carbon of ballast and slab track for 
both high and low traffic loads. Generally speaking, slab tracks have lower embodied energy 
and emissions than ballast track, apart from the fact that embedded slab track has higher 
embodied energy than ballast track at low traffic loads. The difference between the impact of 
ballast and slab track is greater at high traffic loads than at low traffic loads. Overall, the 
ballast track has the lowest impact at low traffic loads. 
 
Figure 5.8: Embodied energy and carbon in ballast track and slab track at high and low 
traffic loads 
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5.4.3 Percentage of Embodied Energy at Different Phases of Railway Infrastructure in 
Life Cycle Analysis 
 
 
Figure 5.9: Percentage of embodied energy at different phases of life cycle analysis 
More than 80% of the life cycle energy consumption comes from construction for both ballast 
track and slab track, at high/low traffic loads. If we break the total energy consumption down 
to each stage, the track embodied energy is higher in all four phases at higher traffic load. 
The reason for this is that, the embodied energy in construction, transportation and disposal 
phases is proportional to the amount of materials used and the frequency of maintenance 
activity is dependent on service loads. 
5.4.4 Identification of Most Energy Sensitive Component for Service Life Increase  
One of the key factors in reducing energy consumption is the service life of components, 
however, due to the variety of service conditions and development of future technologies, 
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there is considerable uncertainty surrounding the service life values used in the model. 
Analysis of the effect of this uncertainty is illustrated in Figure 5.10 and Figure 5.11.  
For simplicity, only the emissions associated with construction materials have been 
considered. This simplification still provides useful information as the construction materials 
dominate life cycle energy consumption. Error bars illustrate an uncertainty of ±10% in 
service life values. The rail section has the most potential of energy reduction with the 
increase of component service lives. This analysis also suggests that even if all component 
service lives have been over-estimated by 10%, slab tracks still have lower embodied energy 
and emissions than ballast track at high traffic loads, and higher embodied energy than ballast 
track at low traffic loads. 
 
Figure 5.10: Effect of service life uncertainty on ballast track 
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Figure 5.11: Effect of service life uncertainty on slab track 
5.4.5 Energy intensity analysis of tunnels and bridges 
The energy intensity is defined as the embodied construction energy in unit length of the 
track or special structures per year. The energy intensity comparison of special structures and 
tracks is shown in Figure 6.12. The embodied energy in mined tunnels is nearly 20 times as 
much as that of a slab track at low traffic loads. The significance of tunnels and bridges 
cannot be ignored in route planning, even though they only attribute to a small portion of the 
whole route length. 
 
Figure 5.12: Comparison of energy intensity of special structures with normal tracks 
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5.5 Conclusion 
In summary, the life cycle energy consumption and CO2 emissions of high speed rail 
infrastructure are analysed in this chapter, including the construction, maintenance, operation 
and disposal of the track, special structures, stations etc. An efficient function unit is used to 
distribute the whole life cycle cost to each passenger and the distance travelled. Slab tracks 
have lower embodied energy and emissions than ballast track, apart from the fact that 
embedded slab track has higher embodied energy than ballast track at low traffic loads. 
Tunnels and bridges have much higher energy intensity than normal tracks, even though they 
only account for a small portion of the whole route.  
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Chapter 6: Comparison with Other Modes of 
Transport 
 
 
 
High speed and low energy consumption are the two primary targets associated with 
travelling. This chapter starts with the analysis of speed-up tendency as the evolution of 
transportation modes. To investigate the energy performance of different modes of transport 
at cruising speed, the energy consumption per passenger per km for each transportation mode 
is plotted on a scatter graph versus speed. After that, appropriate comparisons are made of the 
whole life cycle carbon analysis of high speed rail, road and air transport, including both the 
vehicle/flight and the infrastructure. Finally, the life cycle case study on the transportation 
modal shifts from highways, airplanes to the proposed high speed rail between London and 
Birmingham is presented. 
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6.1 Speed up Tendency  
There would be some law that makes people subconsciously connect the distance over which 
they want to be transported and the time considered acceptable for doing so. To find this law, 
man himself was taken as an invariable. 
i
 
In reality, the performances for door-to-door transport do not attain the theoretical values of 
speed indicated. The real journey time depends on two factors: travel time and transfer time. 
It is worth notifying that the transfer time increases considerably with more sophisticated 
transport methods. There is no transfer time for walking, 10 to 15 minutes for the 
underground, 30 to 40 minutes on an average for the railway and approximately two hours for 
an air trip. 
The average speed therefore, as a function of the distance, can be represented by a hyperbola 
limited by a horizontal asymptote - theoretical transport speed and an oblique asymptote - 
transfer time. 
 
Figure 6.1 Different modes of transport in the UK 
Table 6.1: Theoretical relationship between distance and journey time 
Mode Theoretical speed 
(km/h) 
Transfer time 
(min) 
Walking 6.4 0 
                                                          
i
 The walking speed and order of preference of transport mode is assumed to be constant. 
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Bus 15 5 
Tube 30 15 
Car 75 10 
Conventional train 180 30 
High speed train 350 30 
Flight 800 120 
 
 
Figure 6.2: Relationship of speed and distance for different transportation modes 
The speed profiles of different modes of transport are demonstrated in Figure 6.1. In the 
index coordinates, the people’s expectation of speed as the increase of travel distance can be 
observed, a dashed grey line is drawn to represent the trend. 
The car generally lives up to people’s expectation of speed, and goes over the dashed line at 
some points, assuming there is no severe congestion and it’s not difficult to find the parking 
place. That helps to explain why car is still the primary choice for some people in short 
distance travel, even though its energy efficiency is low compared with public transportations. 
However, the advantages of the car only exist in short distance passenger transport. A gap 
exists between the expectation line and the speed profiles of existing modes of transport 
(conventional train and flight). The advent of high speed train effectively fills the gap, and 
exceeds our speed expectation to some extent. 
People’s expectation of speed  
High speed train  
Car  
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The point at which the speed profile of high speed train goes over that of the car is at the 
distance of 120km, which is roughly the distance between Birmingham and Manchester. The 
conventional train begins to overcome the car in journey time at 130km, almost the distance 
from Oxford to Birmingham. The distance at which the flight is faster than the high speed 
train is about 1000km, the distance between Paris and Berlin. 
The advantages of the car and high speed train can be easily seen from Figure 6.2. If we only 
consider the journey time factor, regardless of the energy efficiency consideration: In short 
distance, car is usually the preferred choice; while in comparatively longer distance, high 
speed train is a better mode of transport. 
A problem associated with the comparison of airline and other land transportation is: the 
airline route is always a straight line linking two cities (assuming there is no transit), while 
the land routes contain numerous curvatures and gradients because of the route geometry. 
Also, a combination of several transportation modes is generally the way people choose in 
reality. The comparisons in Figure 6.2 are only a theoretical way to simply evaluate the 
performances of various transport modes. 
6.2 Energy Efficiency of Different Modes of Transport 
6.2.1 Energy Efficiency in Operation 
The energy efficiency of a transportation vehicle can be estimated based upon the fuel 
consumption used. In the case of passenger transport, the operation energy (E) needed to 
carry one passenger per unit distance can be expressed as: 
  
                        
                                       
                                     
In 2006–2007, the total energy cost of all London’s underground trains, including lighting, 
lifts, depots, and workshops, was 0.15 kWh/passenger-km– four times better than our 
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baseline car. In the same year, the energy cost of all London buses was 0.32kWh/passenger-
km. The energy consumption by car (assuming average load of 1.4 passengers) is 0.57 
kWh/passenger∙km.[1] The comparison of the energy consumption per passenger km of these 
three transportation modes is shown in Figure 6.3. 
 
 
Figure 6.3: Energy consumed to carry one passenger for one kilometre in London 
 
However, energy cost is not the only thing that matters. A transportation mode which delivers 
higher speeds is more likely to be preferred by passengers. 
The energy efficiency, expresses as unit energy consumption, is proven to be proportional to 
traction effort and inversely proportional to load factor, assuming a given passenger capacity 
and constant operation speed. Steps of derivation are shown in Equation 7-2 ~ Equation 7-5. 
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For a given passenger capacity, 
                          
         
                                
                           
If the vehicle/flight/ship is operating at a constant speed (cruising),  
                    
                          
         
                                
 
 
                             
                                 
 
                          
                  
              
                                                                
To further investigate the energy performance of different modes of transport at cruising 
speed, the energy consumption per passenger per km for each transportation mode is 
scattered versus speed in the index coordinates in Figure 6.4. Four main categories of 
transport are studied: jet plane, high speed train, conventional train and automobiles. The 
energy consumption in Figure 6.4 refers to the energy consumed at cruising speed on a flat 
straight track in the open air (no acceleration, no braking, no gradient, no curvatures, and no 
tunnels). In this circumstance, the flight/vehicle only needs to overcome the mechanical 
friction and aerodynamic resistance. Referring back to Equation 6-5, tractive force and load 
factor are dominant factors in calculating energy consumption per passenger per km. 
Generally speaking, passengers prefer higher travel speed and operators desire lower energy 
consumption, so the dots located in the bottom right region of the graph is preferred. The 
performance of the high speed train in a general sense (including the wheel-on-rail high speed 
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trains and maglev trains) surpasses that of the conventional train with a speed advantage and 
slightly increased energy consumption. 
The maximum operation speed of the magnetic levitation train is 500km/h, and this speed is 
also the demarcation point of lift support force and reaction support. Described as “driving 
without wheels and flying without wings”, the maglev train gains a position between the 
wheel-on-rail high speed trains and airplanes. Due to the absence of wheel-rail friction, in 
cruising, the energy consumption of maglev train is less than that of high speed trains. 
The speed restriction of the automobile in Figure 6.4 is quite generous; the 120km/h 
operation speed is usually the speed limit of highways. The speed of automobiles tends to 
slow down in populated areas and when the traffic congestion occurs. It is worth notifying 
that the energy consumption of automobiles (1.4 passengers/car) is nearly the same as that of 
jet planes (75% loaded), while the jet plane is 7 times as quick as the automobile. However, 
as the most convenient door-to-door service, the automobile is still the most popular mode of 
short-distance transport among the majority of people. 
However it should be noted that the difference between jet planes, automobiles and trains is 
not as significant in appearance as shown in Figure 6.4. The energy consumed by cars and 
planes refers to the primary energy at the fuel tank, while the energy consumption of the train 
is counted at the wheel, thus allowance must be made for energy losses at the power station 
before electrical energy reaches the train. If we consider the electricity generation efficiency 
of a thermal power station to be 40%, the train figures should be lifted by a factor of 2.5. 
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Figure 6.4: Energy consumption at cruising speed for different modes of transport
ii
 
 
                                                          
ii
 a. The speed in this graph indicates the maximum operation speed (cruising speed), thus the energy consumption is the 
energy consumed in cruising only. 
  b. The red rectangles in top right corner represent the Boeing series; from top to bottom, the aircraft types are: B747-400, 
B767-300(L haul), B777, B737-300, B757-200, B767-300(S haul). The source of data is British Airline in-flight magazine. 
The occupancy level is assumed to be 75%. 
  c. The blue circles in top right corner represent the Airbus series; from top to bottom, the aircraft types are: A380, A319, 
A320, A320-200. The calculation is based on the data collection by Prof. Rod Smith. The longest flying distance is chosen is 
each circumstance to minimise the effects of taking-offs and landings. The occupancy level is assumed to be 75%. 
  d. The green diamonds in the centre represents the high speed vehicles. The results are obtained using FRRC train 
simulation model based on the inputs of tractive effort and resistance curves of different vehicles. The energy consumption is 
energy consumed at wheel, neglecting the transmission losses and auxiliary power supply. The load factor is assumed to be 
70%. 
  e. The purple star represents the maglev train. The data is taken from Factbook: UK Ultraspeed,  in which the maglev train 
is assumed to be cruising at 500km/h, and the load factor is set to be 60%. 
  f. The purple crosses in bottom left represent the conventional trains. The results are obtained using FRRC train simulation 
model based on the inputs of tractive effort and resistance curves of different vehicles. The energy consumption is energy 
consumed at wheel, neglecting the transmission losses and auxiliary power supply. The load factor is assumed to be 70%. 
  g. The black crosses in top left corner represent the Mercedes-Benz cars; from top to bottom, the vehicle types are: S400 
Hybrid, A200, A170, A150, A200-CDI, A180-CDI, A160-CDI. The data sources are the Mercedes-Benz Environment 
Certificate A-Class and S-Class. The load factor is assumed to be 1.4 passengers/car. 
100 200 500 1000 
0.01 
 1 
0.1 
Lift support Reaction support 
Boeing 
Airbus 
Jet plane 
CRH2 
CRH3 
CRH2-300 Maglev 
HS2 
ICE3 
Shinkansen N700 
Shinkansen E6 
TGV Duplex 
High speed train 
Diesel HST 
WCML 
Conventional train 
Mercedes-Benz S400 Hybrid 
Mercedes-Benz A (petrol) 
Mercedes-Benz A (diesel) 
Automobile 
261 
 
6.2.2 Energy Efficiency of Aircrafts
iii
 
Real data corresponding to not just cruise, but to all phases of flights has recently been made 
available. 
A principal determinant of energy consumption in aircraft is the drag, which must be opposed 
by thrust for the aircraft to progress. To calculate the energy consumption per passenger, the 
total drag needs to be distributed to each person, so the occupancy level is a significant factor 
in determining the energy performance of passenger airplanes. The jet plane is cruising in 
most of its journey time, excepting the taking off and landing at two terminals. The longer 
travel distance, the less effect landing and taking off has on the total energy consumption per 
km, i.e. the energy consumption at cruising speed becomes more dominant. 
 
As illustrated in Figure 6.5, the energy consumption per passenger per km of various 
passenger airplanes is plotted against the occupancy level, for different travel distances. From 
Figure 6.5, we can see the trend that, as the occupancy level goes up, the energy consumption 
per passenger per km decreases, which lives up to our expectation. It’s worth noting that at 
                                                          
iii
 The data used in section 6.2.2 is provided by Prof. Rod Smith, collected via his personal communication on 
flight with the aircraft commander from 2005 to 2013, over 160 aircrafts. The database includes the date, 
aircraft type, distance, maximum passenger capacity and actual passengers on board. 
Figure 6.5: Energy consumption per 
passenger km varies with occupancy level 
Figure 6.6: Energy consumption per 
passenger km varies with distance 
Occupancy level 75% 
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the occupancy level of 75%, the energy consumption is around 0.3-0.6 kWh/p km, which 
matches the cruising energy data from aircraft manufactures in Figure 6.4.  Figure 6.6 shows 
energy consumption per passenger per km varies with the travel distance
iv
, at different 
occupancy levels.  
Based on past experience, it may be assumed that about 4% (around 11 tonne) of fuel would 
be used in taking off and climbing to the initial cruising altitude, with the bulk of the fuel 
consumption being involved in the cruise portion of a long flight. 
[2]
 And of the fuel carried, 
not all could be used in normal flight; typically 15% (≈38.6 tonne) would need to be kept as 
reverse in case landing at the selected destination airport is impossible. 
[2]
 The energy 
consumption per km of taking off and landing is much more than that of cruising. 
However, Figure 6.6 does not present a regular pattern about the variation of energy 
consumption against distance. If the occupancy level is the same for each flight, the energy 
consumption is expected to decrease as the distance increases.  This assumption is validated 
in Figure 6.7, in which the energy performance of B747-400 is compared with its cruising 
energy performance. 
As seen in Figure 6.7, the cruising energy consumption is a straight line which increases as 
distance. In reality, all the energy consumption data is above the cruising energy consumption 
line of B747-400
v
.  
 
 
 
                                                          
iv
 The distance refers to direct flying distance, and the flights counted in this study are non-stop flights (no 
trasition). 
v
 Boeing 747-400 uses 4xRR211-524G engines; the fuel consumption rate is 10230 kg/h at cruising speed 
(927km/h). 
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Figure 6.7: Energy consumption per passenger of B747-400 varies with distance and 
comparison with its cruising energy performance  
 
 
6.3 Comparison of Life Cycle Carbon Footprint for Different Modes of 
Transport 
6.3.1 Life Cycle Carbon Footprint of High Speed Rail Transport 
Rolling stock 
The life cycle analysis of rolling stock is based on von Rozycki’s research [3] about the carbon 
footprint of German high speed train ICE2. The emissions due to the production, 
maintenance and disposal of a train are around 6-7×10
3
 tonnes of CO2.  
B747-400 
Cruising data 
Real energy 
performance of 
B747-400 
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Figure 6.8: Carbon footprint of rolling stock 
The carbon footprint of high speed line infrastructure has been analysed in detail in Chapter 5. 
The following table summarizes the carbon footprint of high speed rail system. The overall 
carbon footprint of the transport by high speed rail is CO2 per passenger per km. 
Table 6.2 Carbon footprint of high speed rail transport 
 Value Description 
Rolling stock 1.0 g CO2/passenger∙km Lifespan 30 years; passenger capacity 669 
Operation 12.8 g CO2/passenger∙km UK electricity mix. 0.08 kWh per passenger per 
km, 16 million passengers per year 
Infrastructure
vi
 6.7 g CO2/passenger∙km Slab track, including stations, tunnels and bridges 
Total 20.4 g CO2/passenger∙km  
 
6.3.2 Life Cycle Carbon Footprint of Road Transport 
Production, operation and disposal of the car 
In order to assess the carbon impact of a car, a Volkswagen Golf 4 is defined as a typical 
passenger vehicle. More details about the life cycle assessment of passenger cars can be 
                                                          
vi
 A table analysing the carbon footprint of HS2 infrastructure can be found in this Chapter on page 269. 
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found in Table 5.1 in Chapter 5.
vii
 The overall emissions due to production, operation and 
disposal account to 23 tonnes of CO2. 
[5]
 With an average load factor of 1.4 passengers per 
vehicle and a lifetime mileage of 3×10
5
 km, the carbon footprint is calculated as 54.7g CO2 
per passenger per km. 
Road construction and maintenance 
According to the assessment of Baron 
[5]
, the emissions due to the construction of the 
motorway are about 73 tonnes of CO2 per km per year; the main impact arises from the 
earthwork and pavement. 
 
Figure 6.9 Carbon footprint of the motorway construction 
In order to calculate the carbon footprint per passenger per km, the emissions need to be 
allocated to the freight and passenger transport. The allocation of the embodied carbon in 
infrastructure construction and maintenance is based on the gross tonne kilometre 
performance. Table 6.3 gives an overview of the traffic share of the motorway; the allocation 
is 65.5% to the freight traffic and 34.4% to the passenger traffic. 
                                                          
vii
 Chapter 5, page 204 
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Table 6.3 Allocation of road infrastructure to passenger and freight transport 
[5]
 
 Unit Motorbikes Cars Lorries Total 
Motorways  Billion vehicle-km 663 1.1 × 10
5
 1.9 × 10
4
 1.2 × 10
5
 
Mass per vehicle Tonne  0.2 1.4 15.2  
Transportation 
performance 
Billion ton-km 132.6 1.5 × 10
5
 2.8  × 10
5
 4.3 × 10
5
 
Allocation  0.0% 34.4% 65.5% 100% 
 
With an average traffic of 21.3 million vehicles a year and an average load factor of 1.4 
passengers in a car, the transport performance per km of motorway is 34.1 million passenger 
kilometre. 
[5]
 
                      
                                                   
                               
                   
 
        
        
                         
Table 6.4: Carbon footprint of road transport 
 Value Description 
Car 20.9 g CO2/passenger∙km Life mileage: 150000 km, mass of the car: 1310 kg 
Operation 130 g CO2/passenger∙km 7 litres of gasline for 100 km, 1.6 passengers/car 
Road 0.7 g CO2/passenger∙km 2×3 lanes, 65.5% share of the road use 
Total 151.6 g CO2/passenger∙km  
 
6.3.3 Life Cycle Carbon Footprint of Air Transport 
Airplane production 
The assessment of the construction, maintenance and disposal of the airplane is based on the 
work of Spielmann et al. 
[4]
.Airbus A320 is chosen as the study objective, a single-aisle 
product operating economy on short- to medium-haul routes. Specifications of Airbus A320 
are given below in Table 6.5. 
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Table 6.5: Airbus A320 specification 
Airplane specifications Unit Value 
Tare mass t 61 
Passenger capacity / 150 
Mass per passenger (including luggage) t 0.1 
Load factor % 65 
 
According to Spielmann et al. 
[4]
, the carbon footprint of the construction and maintenance of 
an airplane is 0.48 g CO2 per passenger per km. 
Airplane operation 
On an intra-Europe flight, an average of 452g kerosene is needed for every tonne transported 
per km. This gives a direct output of 1.426kg CO2/tonne km and an additional upstream 
emission of 206g CO2/tonne km, so the grand sum is 1.632kg CO2/tonne km. As one 
passenger with luggage is assumed to weigh 100kg, the carbon footprint per passenger per 
km is 163.2g CO2. 
[4]
 
Airport construction 
The construction of the airport has been analysed in detail in Baron’s report [5]. The report 
considers the earthwork and pavement for the runways, the equipment used and the 
construction of building. The operation phase of the airport has not been considered. The 
emission due to the construction of the airport is about 2200 t of CO2 per year. More detailed 
information about the carbon footprint of the airport construction in Marseille can be found in 
Figure 6.10. 
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Figure 6.10: Carbon footprint of the airport construction 
According to the Marseille Airport authority, the whole traffic (both freight and passenger) in 
2004 was 8.6×10
4
 commercial planes movements and 5.6×10
9
 passengers (incoming and 
outgoing). Freight traffic is assumed to have a 10% share of the total CO2 emissions. To 
allocate the emissions to each passenger, the carbon footprint per passenger is calculated as 
follows: 
                      
                                                   
                               
                              
 
            
       
                  ⁄    
Table 6.6: Carbon footprint of air transport 
 Value Description 
Airplane 0.5 g CO2/passenger∙km Airbus A320 with 320 seats, tare mass 61t 
Operation 163.2 g CO2/passenger∙km Load factor 65%, 452g kerosene consumption per 
t-km, 100 kg one passenger including luggage 
Airport 0.3 g CO2/passenger∙km 90% of the total traffic were allocated to passenger 
transport, around 600ha for runways, building and 
equipment 
Total 164.0 g CO2/passenger∙km  
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6.3.4 Summary of Life Cycle Carbon Footprint Comparison 
A comparison of the three transportation modes (high speed rail, road and air) is made based 
on the unit of carbon emission per passenger per km. 
 
Figure 6.11: Comparison of the life cycle carbon footprint of high speed rail, road and air 
transport 
As can be seen in Figure 6.11, the operation emission is the most significant section for all 
three modes of transport. The embodied carbon in flight and airport is negligible compared 
with the energy consumed in operation. The carbon footprint in the manufacturing of cars is 
comparably large compared with the vehicle/flight embodied carbon of other transportation 
modes. The high speed rail transportation has great advantage over the road and air transport, 
giving a reduction of carbon emission by roughly 95%, among which the operation stage 
contributes the largest reduction. 
6.4 Case Study: London to Birmingham – A Modal Shift 
6.4.1 Introduction 
In order to examine the impact on carbon footprint through the construction of a high speed 
rail, this section provides a systematic comparison of high speed train, road and air transport 
in a comparable geographic context. This study aims to investigate the carbon footprint of 
three transport services for the same route from London to Birmingham. The potential carbon 
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emission reduction by transportation modal shifting, from motorway, airplane to high speed 
rail, is also analysed. 
 
Road: Section of M1, M6 motorway from London to Birmingham 
The M1 motorway is a north–south motorway in England connecting London to Leeds, and 
the M6 motorway runs from junction M1 at the Catthorpe Interchange, via Birmingham then 
heads north, terminating at the Gretna junction (J45). In this Chapter, only the section 
between London and Birmingham are considered. The distance between London and 
Birmingham via M1, M6 motorway is 190km. 
[6]
 
Air: Air transport from London Gatwick Airport to Birmingham Airport 
London Gatwick is the second largest international airport in London and second busiest by 
total passenger traffic in the United Kingdom after Heathrow. The majority of flights from 
London to Birmingham set off from the Gatwick Airport. The Birmingham Airport offers 
both domestic flights within the UK and international flights. In 2012, the record of passenger 
numbers was around 8.9 million in Birmingham Airport, making it the seventh busiest UK 
airport.
[7]
The distance between London Gatwick Airport and Birmingham Airport is 164km. 
[8]
 
Figure 6.12: Motorway between London and 
Birmingham 
Figure 6.13: London Gatwick Airport 
271 
 
High speed rail: Phase one of the HS2 project from London to Birmingham 
The high speed route starts at London Euston Station and gets to Birmingham New Street 
Station; and the total track length is 175.23km. The route between London and Birmingham 
includes 12 tunnels of different lengths and cross sectional areas. To simplify the calculation 
procedure, the embodied energy in tunnels is obtained by multiplying the uniform unit 
embodied energy value in Table 6.7 with the total tunnel length.  
Table 6.7: London-Birmingham route data for High Speed 2 
[9]
 
Inventory Value 
Track length 175.23 km 
Tunnels 12 tunnels, total length 41.99 km; 33.84 km are bored tunnels and 8.15 km 
are cut-and-cover tunnels 
Bridges The total length is about 5.7 km, including the length of approach 
embankment 
Stations London Euston; Birmingham Curzon Street 
 
6.4.2 Environmental benefits though modal shifting 
HS2 is forecast to carry up to 5.4 million passengers every year who might otherwise have 
travelled by air, as well as potentially seeing up to 9.8 million passengers transfer from the 
national road network. 
[10] 
The total number of passengers carried by HS2 per year is thus 
assumed to be 15 million. 
As the high speed rail is a less carbon-intensive mode of transport compared with air and road 
transport, the carbon emissions will be reduced though travel mode shifting.  
(1) Embodied carbon in HS2 infrastructure 
Annual weight on track 
Provided the average load factor is 0.7,  
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= 16 million tonnes 
The embodied energy values in construction for low traffic factor in Table 6.13 will be used 
in this scenario. 
The main spine of the high speed track from London to Birmingham will be slab track. The 
functional unit in this analysis is defined as the energy consumption per passenger per km, 
and one single track from London to Birmingham (including tunnels and bridges along the 
path) is the study objective. 
The HS2 infrastructure is composed of slab track, railway station and special structures 
(tunnels and bridges). The special structures are more carbon-intense components, as is 
discussed in Chapter 5.  
Quoting the figures in Table 5.15 in Chapter 5 and the expected 15 million passengers per 
year, the embodied carbon factor of mined tunnels is calculated as follows: 
                                       
                                                            ⁄                              
               ⁄                                  ⁄  
                           ⁄  
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The same procedure can be adapted to obtain the united embodied carbon of other special 
structures. The embodied carbon of the special structures of HS2 infrastructure is 
summarized in Table 6.8.  
Table 6.8: Embodied carbon in special structures 
Special structures Embodied carbon factor 
(g CO2/km passenger yr)
viii
 
Length 
(km)
[9]
 
Total embodied carbon 
(g CO2/passenger yr) 
Mined tunnels 22.0  33.84 744.5 
Trenched tunnels 9.9 8.15 80.7 
Railway bridges 14.8 5.7 84.4 
After making sum of the carbon factors of all infrastructure components and distributing the 
total emissions to the length of the track, the embodied carbon per function unit is calculated 
to be 6.7 g CO2/passenger km. 
Table 6.9: Embodied emissions in HS2 infrastructure  
Inventory Value Total embodied carbon 
(g CO2/passenger yr) 
Slab track 175.23 km 196.3 
Tunnels 41.99 km 825.2 
Bridges 5.7 km 84.4 
 
Stations 
London Euston  29.8
 
 
Birmingham Curzon Street 29.8 
Average embodied 
carbon 
(196.3+825.2+84.4+29.8+29.8)/175.23=1165.5/175.23 
=6.7 g CO2/(passenger km yr) 
 
(2) Emission reduction though modal shift of the HS2 line 
The carbon reduction is calculated over two steps: Firstly, the avoided emissions from air and 
road transport are calculated; secondly, the additional emissions of 15 million passengers 
using the high speed rail are subtracted from the result in the first step. 
                                                          
viii
 Chapter 5, page 224 
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Table 6.10: Emission reduction though modal shifting to high speed line 
 High speed rail Road Air 
Number of passenger (million) +15 -9.8 -5.4 
Travel distance (km) 175.23 190 164 
Transport performance (pkm) +2.6×10
9
 -1.9×10
9
 -8.9×10
8
 
Emission factor (g of CO2 per pkm) 20.4 152 164 
Total emissions (t of CO2 per year) 5.3×10
4
 -2.9×10
5
 -1.5×10
5
 
Emission reduction (t of CO2 per year) -3.9×10
5
 
 
However, we don’t expect an immediate shifting of 15 million passengers to high speed rail 
service. Following a step by step philosophy, the reduction of CO2 emissions as the gradual 
increasing of passengers shift to high speed rail are shown in Figure 6.11. In defining the 
number of shifting passengers, we assume the ratio of passengers shifting from road and air 
transport remains unchanged as the HS2 statement. The embodied energy and carbon in life 
cycle analysis of high speed line infrastructure is assumed to be unchanged, i.e. the 
infrastructure is built for the maximum passenger flow.  
 
Figure 6.14: Avoided carbon emissions though modal shifting 
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As we can see from Figure 6.14, modal shifting has significant contribution to carbon 
reduction. The rate of emissions reduction is 2.6 × 10
4
 t CO2 per million passengers shifting 
to the high speed service. 
(3) Pay-back time in carbon emission of HS2 infrastructure 
Total CO2 emissions in construction of HS2 infrastructure 
Assuming an average service life of 60 years for HS2 infrastructure and 15 million 
passengers per year, the embodied carbon in the construction stage of HS2 infrastructure is: 
                                                                            
                      
                       
        
Reduced CO2 emissions in operation of HS2 high speed line 
Assuming the annual number of passengers shifted to HS2 high speed rail is 15 million, 5.4 
million from the air and 9.8 million from the motorway. 
The annual CO2 emission reduction in operation through modal shifting is thus expected to be 
3.9×10
5 
t. 
Pay-back time in CO2 emissions of HS2 infrastructure 
                                                                                   ⁄  
                ⁄  
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To some extent, the worry about huge amount of carbon emission in constructing a new high 
speed line is unnecessary. The CO2 emissions in HS2 infrastructure can be paid back in 
operation in fairly short time. 
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Chapter 7: Conclusion and Future Work 
 
 
 
The thesis is reviewed before its main findings are summarized. Contributions which this 
thesis makes towards the furthering of knowledge in the subject area of high speed rail 
energy consumption are given. Implications of energy-saving methods for high speed train 
operation are then described. Finally further work arising from this thesis is recommended. 
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7.1 Thesis Review 
The motivation of this thesis is to establish whether high speed rail is an efficient model of 
passenger transport in terms of traction operational energy consumption and life cycle 
analysis compared with other modes, and to investigate its scope for improvement in these 
respects. In order to realize the thesis aims and fill gaps in the knowledge in the subject area, 
identified in Chapter 2, a computational model was developed and validated to calculate the 
operational energy consumption of a high speed train running on the proposed London-
Birmingham HS2 route. Four further objectives were set: 
 Establish key factors regarding route geometry and train configuration which 
influence the operational energy consumption of a journey by high speed rail. 
 Identify the key areas of vehicle design which help to minimise the energy 
consumption of high speed rail travel. Determine the contribution of various factors in 
determining the energy difference between each vehicle type and the HS2 reference 
train. 
 Build a database for the life cycle assessment of high speed rail infrastructure and 
compare the high speed rail with other modes of transport from a life cycle 
perspective. 
 Evaluate the performance, in terms of journey time, energy consumption and CO2 
emissions, of high speed rail in comparison with its competitor modes of motorway, 
air and conventional rail. 
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7.2 Summary of Findings 
In Chapter 2, two driving philosophies were identified, maximum speed and relative slack 
journey time. For the high speed train operation, coasting and lowering maximum operational 
speed alter the speed profile dramatically. Energy saving is possible at the expense of longer 
running time. 
On the London-Birmingham railway route, the current WCML service does not live to our 
expectation of energy saving due to route geometry (gradient, tunnels etc.). In the operation 
stage only, the HS2 reference train on a dedicated high speed line is more time saving and 
energy efficient than the WCML train. 
To investigate the key factors determining train energy consumption, different scenarios were 
studied in Chapter 3. The effects of variations in several route and train based parameters 
were studied, such as the maximum operational speed, passenger load factor etc. Two 
integrated scenarios were also investigated, the line voltage and intermediate stops. 
For London-Birmingham HS2 route, the increased length of tunnels, the numerous curvatures 
result in greater journey time and more energy consumption. The advantages of railway 
electrification were proven in comparison with the HST train. 
In Chapter 4, the performance of HS2 reference train was compared with other high speed 
vehicles, in terms of journey time and energy consumption. There is no overall winner in the 
journey time and energy efficiency competition among high speed vehicles. Only on a 
specific route, can we determine which train (or which characteristic) is more suitable for the 
route. And after decades of evolution, the high speed train series are becoming more suitable 
to the unique geography, climate, and population distribution situations of a specific country 
(which may not be suitable for another country). If the constrains of UK limits are not 
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considered, fitting more seats in a line and manufacturing double deck trains with dense 
seating arrangement could increase the passenger capacity per unit length of the train, thus 
the energy consumption per capita can be reduced. 
As to the existing traditional wheel-on-rail high speed systems, the reduction of the 
aerodynamic drag on high-speed railway train is one of the essential issues for the 
development of the desirable train system. The aerodynamic improvements can thus be 
carried out in aspects of the nose shape, the carbody surfaces, car coupling areas, the bogie, 
the pantograph and the pantograph cover. 
In Chapter 5, comparison of life cycle analysis was made between ballast track and slab track. 
Generally speaking, slab tracks have lower embodied energy and emissions than ballast track, 
apart from the fact that embedded slab track has higher embodied energy than ballast track at 
low traffic loads. More than 80% of the life cycle energy consumption comes from 
construction for both ballast track and slab track, at high/low traffic loads.  
The rail section has the most potential of energy reduction with the increase of component 
service lives. This analysis also suggests that even if all component service lives have been 
over-estimated by 10%, slab tracks still have lower embodied energy and emissions than 
ballast track at high traffic loads, and higher embodied energy than ballast track at low traffic 
loads. 
The embodied energy in mined tunnels is nearly 20 times as much as that of a slab track at 
low traffic loads. The significance of tunnels and bridges cannot be ignored in route planning, 
even though they only contribute to a small portion of the whole route length. 
The speed up tendency of human travel was discussed in Chapter 6. The advantages of the 
car only exist in short distance passenger transport. A gap exists between the expectation line 
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and the speed profiles of existing modes of transport (conventional train and flight). The 
advent of high speed train effectively fills the gap. 
Passengers prefer higher travel speeds and operators desire lower energy consumption. The 
performance of the high speed train in a general sense (including the wheel-on-rail high speed 
trains and maglev trains) surpasses that of the conventional train with a speed advantage and 
slightly increased energy consumption. 
The maximum operation speed of the magnetic levitation train is 500km/h, and this speed is 
also the demarcation point of lift support force and reaction support. Described as “driving 
without wheels and flying without wings”, the maglev train gains a position between the 
wheel-on-rail high speed trains and airplanes. Due to the absence of wheel-rail friction, in 
cruising, the energy consumption of maglev train is less than that of high speed trains. 
The energy consumption of automobiles (1.4 passengers/car) is nearly the same as that of jet 
planes (60% loaded), while the jet plane is 7 times as quick as the automobile. However, as 
the most convenient door-to-door service, the automobile is still the most popular mode of 
transport among the majority of people. 
A comparison of the three transportation modes (high speed rail, road and air) is made based 
on the unit of carbon emission per passenger per km. The operation emission is the most 
significant section for all three modes of transport. The embodied carbon in flight and airport 
is negligible compared with the energy consumed in operation. The carbon footprint in the 
manufacturing of cars is comparably large compared with the vehicle/flight embodied carbon 
of other transportation modes. The high speed rail transportation has great advantage over the 
road and air transport, giving a reduction of carbon emission by roughly 95%, among which 
the operation stage contributes the largest reduction. 
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HS2 is forecast to carry up to 5.4 million passengers every year who might otherwise have 
travelled by air, as well as potentially seeing up to 9.8 million passengers transfer from the 
national road network. 
 
As the high speed rail is a less carbon-intensive mode of transport 
compared with air and road transport, modal shifting has significant contribution to carbon 
reduction. The rate of emissions reduction is 2.6 × 10
4
 t CO2 per million passengers shifting 
to the high speed service. To some extent, the worry about huge amount of carbon emission 
in constructing a new high speed line is unnecessary. The CO2 emissions in HS2 
infrastructure can be paid back in operation in fairly short time. 
7.3 Contribution to Knowledge 
The thesis has contributed to knowledge in the area of energy consumption of high speed rail 
in the following four ways: 
 A comprehensive comparison of the effects of different factors on the energy 
consumption of high speed rail was conducted. The comparison was made by 
investigations into the influence of route geometry and train configuration and 
simulations of other high speed vehicles running on the London-Birmingham HS2 
route, under different operation philosophies. The key areas of vehicle design and 
route planning which could potentially contribute towards minimizing of the 
operational energy consumption and CO2 emissions of high speed rail were identified. 
 The journey time and energy consumption performances of different high speed trains 
were compared, including the Shinkansen E6, N700, China high speed rail CRH 2, 
CRH2-300, CRH3, TGV Duplex and Transrapid maglev system. Furthermore, a 
detailed study has been undertaken which attempts to quantify the contribution factors 
towards the observed energy difference between different types of vehicle. The 
characteristics of each individual series of high speed rolling stock is discussed in 
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further details, to investigate the effects of design specifications on energy 
consumption of a typical high speed rail. 
 Most analysis on the environmental impact of rail transport focuses on the emissions 
associated with vehicle operation. There has been relatively little analysis on the 
construction, maintenance and disposal of railway infrastructure. An integral life 
cycle energy and carbon database of high speed rail infrastructure was established. 
Preliminary assessment of the embodied energy in HS2 infrastructure can be made 
using the database, and corresponding environmental benefits through transport modal 
shifting can be analysed. 
 A comparison of the three passenger transportation modes (high speed rail, road and 
air) is made based on travel velocity, energy consumption per passenger km and the 
life cycle embodied carbon dioxide. The relationship between energy consumption at 
cruising speed per passenger per km and speed is identified for each transportation 
mode.  
 
7.4 Future Work 
Three areas of further work resulting from this thesis are recommended as follows: 
 The preliminary study of coasting was conducted in Chapter 2, considering coasting 
to station only. The train starts coasting when reaching a certain residual distance. 
Other possible scenarios of coasting worthy of further investigation include: coast to 
next linespeed, coast when going downhill, coast when going in tunnel etc. The 
application conditions of coasting in the scenarios mentioned above needs further 
investigation. Based on the searching algorithm, the global optimisation and local 
optimisation coast points can be located, and theoretically the best optimisation can be 
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found. However, it’s not realistic to carry a device on board to calculate the dynamic 
best coast point. Some common-sensed regulations regarding coasting can be worked 
out and written in the driver manuals. In terms of multiple intermediate stations and 
multiple trains, the coasting control becomes more complicated. 
 Increasing passenger capacity can be realized in two ways, increase the height of the 
vehicle (double-deck trains), increase the width of the vehicle (fit more seats in a row) 
and increase the length of the train (use two train sets instead of one). Each method 
incurs new problems and considerations: Increasing the height and width of the train 
increases the passenger density per meter length of the train at the price of 
compressing the seating space of each passenger. Additionally, the cross-sectional 
area of the vehicle is increased, which will potentially result in more aerodynamic 
resistance in tunnels and in the open air. The restrictions on these two methods 
include the consideration of track gauge and axle loading. Increasing the length of the 
train guarantees the space for each passenger and gives the train some advantage in 
aerodynamics, if the resistance is distributed to each passenger; but longer trains 
require longer platforms, which results in more embodied energy and financial cost. 
 A database of the life cycle assessment of high speed rail infrastructure was 
established in Chapter 5. The database can be completed to include the data of rolling 
stock and other modes of transport. A software based on the database can be 
developed and put up on the website for other users to get an elementary 
understanding of life cycle assessment. 
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Appendix1: Life Cycle Analysis of Food, Lifts and Commuting Choices 
In this appendix, the two questions posed at the beginning of Chapter 5 will be answered: 
(1) How much energy do lifts use? Does taking the stairs really cut the carbon footprint 
significantly if we count the energy embodied in the food which provides us with the energy 
to climb the stairs? 
(2) How much energy does it actually save to walk or cycle a reasonable commuting distance 
instead of driving a car, taking a bus or riding the subway? 
We answer these questions in a spirit of reasonable approximation and reasonable estimation. 
It is worth carrying out this short exercise if only to illustrate some of the difficulties and 
pit-falls of life cycle energy analysis. 
 
A1.1. Efficiency of the human body and life cycle energy content of food 
Efficiency of human muscles 
The energy delivered by the muscles is small compared to the energy burned; 
the efficiency of human muscle has been measured (in the context of rowing and cycling) at 
18% to 26%.
[1]
 The efficiency is defined as the ratio of mechanical work output to the total 
metabolic cost, as can be calculated from oxygen consumption. This low efficiency is the 
result of about 40% efficiency of generating ATP (Adenosine triphosphate, coenzyme used as 
an energy carrier in the cells of all known organisms) from food energy, losses in converting 
energy from ATP into mechanical work inside the muscle, and mechanical losses inside the 
body.
[1] 
The latter two losses are dependent on the type of exercise and the type of muscle 
fibres being used (fast-twitch or slow-twitch).  
For the purposes of these calculations, an average overall efficiency of human muscles is 
assumed to be 20%.  
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Embodied energy in foods 
 
The functional unit is defined as one kg of ready to eat food, cooked or non-cooked.  
The system boundary for life cycle analysis of foods is shown in Table A1.1.1, some 
procedures of food processing (transportation to consumer, packaging etc.) and waste 
treatment are excluded from the system boundary. 
 
Table A1.1.1: System boundary of life cycle analysis of foods 
[2]
 
 
This reference contains life cycle energy inputs for a long list of ready to eat foods. The range 
of life cycle energy input per portion is huge, ranging from 9.4 MJ for beef to 0.02 MJ for 
honey. Cooked potatoes need 0.91 MJ and fresh carrots 0.28 MJ. The data shows that 
overwhelmingly a vegetarian diet is much less energy intensive that one based on meat. 
However, let's examine a sensible mixed diet meal, chicken, potatoes and apple: 
Table A1.1.2: Life cycle energy in a regular meal 
 Food type, 
origin and 
preparation 
kg per  
portion 
Energy  
contained 
 per portion 
 (MJ) 
Life cycle 
 energy 
input 
 (MJ/kg) 
Life cycle 
energy per 
portion 
(MJ/portion) 
Chicken  Chicken, 
frozen, Central 
EU, cooked 
0.125 1.17 41  5.1  
Potatoes Potatoes, 
Sweden, 
cooked 
0.2 0.64 4.6  0.91  
Apple Apple, fresh, 
Central EU 
0.125 0.26 4.8  0.60  
Meal   2.07  6.61 
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From the whole meal data line, we see we need 6.61 MJ to produce 2.07 MJ of food energy 
to input to the body: that is an efficiency of 31.3%. Taking into account the assumed 
efficiency of the human body of just 20%, we can estimate an overall life cycle efficiency of 
0.2 x 0.313 = 6.3%, for convenience this is summarised on Figure A1.1.1.  
 
 
Figure A1.1.1: Food chain efficiencies 
 
A1.2 Life cycle analysis of the use of lifts 
We are now in a position to examine the energy consumed moving between floors of a 
building. As the baseline, consider a man of mass 75kg walking up the stairs between floors 3 
m apart. The work he must do to increase his potential energy is simply mgH. That is, 75 x 
9.81 x 3 = 2207J = 6.13 x 10-4 kWh 
If this energy came from eating and converting our typical meal, using the overall food chain 
efficiency given above, the energy input would be the total energy requirement of the food 
chain to produce it would be (6.13 x 10-4) / 0.063 = 9.92 x 10-3 kWh, and it is this figure we 
compare with the energy use of the lift. 
 
Modelling lift behaviour can be quite a complicated process. The energy consumption 
depends on many different factors, like the type of lift, load capacity, the weight of the cabin, 
the speed, the power of the motor, using frequency etc. The energy losses are mainly caused 
by the efficiency of the motor, the age of the lift installation and friction losses inherent 
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within the mechanical system. However it is possible to get an idea of the amount of energy 
consumed by lifts (and therefore the carbon emitted) by using averaged data available from a 
manufacturers website. 
[3]
 
This calculation for a machine room lift, carrying 6 people between 3m spaced floors at a 
speed of 1m/s, results in the use of 0.001 kWh of electrical energy. We suggest increasing this 
figure by 10% to account for the embedded energy in the construction of the lift, and 
referring back to the power station, for which we assume a generating and transmission 
efficiency of 30%, we get a total energy requirement of 3.7 x 10-3 kWh, roughly a third of that 
required to walk up the stairs.  
 
The energy figures for the life become even more convincing as more passengers are carried. 
If we have say six persons in the lift, the calculator indicates we can halve the energy 
requirement/ person. This is true of all forms of public transport: the higher the load factor, 
the better the energy consumption per person. In terms of carbon dioxide the question of 
superiority would tilt even further towards the life if a large proportion or all of the electricity 
came from non-carbon sources. This, of course, is by no means the case in the UK now. 
However, we must acknowledge the health effects of exercise. Walking upstairs is good 
exercise! 
 
A1.3 Commuting choices: Walking, cycling, car, bus and subway compared 
A.1.3.1 Different modes, different route lengths 
We take as a typical example the journey from London Paddington station to the entrance to 
Imperial College on Exhibition Road, see map of Figure A1.3.1. 
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Figure A1.3.1: Journey from London Paddington to Imperial College by different modes of 
transport 
 
Route knowledge enables us to measure from the map the journey lengths shown in Table 
A1.3.1. Below: 
Table A1.3.1: Variation of journey distance by mode: Paddington to Imperial College 
 
Primary mode Primary mode  
distance km 
Secondary walk 
distance km 
Walk 2  
Car, cycle 2,25  
Bus 4.5 0.2 
Subway 5.4 0.5 
  
 
This discrepancy in distances illustrates both sinuosity of route and indirectness due to lack of 
direct availability. Sinuosity is the excess of distance over a great circle route passing through 
the start and end points. Walking is only marginally greater than as the crow flies, cycling and 
motoring have about 12% sinuosity excess. The journey by bus and subway is indirect, 
because of route availability by these modes. The journey by bus necessitates a change, 
sometimes the subway journey is direct, or other occasions a change is required. Walking, 
motoring and cycling are direct end to end journeys: bus and subway require additional 
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walking as indicated in the table above. These type of considerations very from journey to 
journey. For example, the journey from Oxford to Cambridge by train is indirect because one 
must travel via London. So energy use calculations are not just a function of mode, but are 
mission specific. The term mission is used because of the distance complexities outlined 
above combined with timing variations. Journeys on public transport at peak times often have 
very high passenger load factors, reducing the energy use per head. But for buses and cars 
road congestion leads to both extended journey times and to increased fuel use because of 
idling, many stop-starts and general lowering of speeds. 
 
A1.3.2 Energy used by different modes 
Walking and cycling can be performed in a wide range of vigor, from sedate to aggressive. 
Let’s us use average figures for our 75 kg mass person, for walking at 4 km/hour, about 230 
kcalories are needed
[4][5]
, for cycling 290 kcal/hour at speeds less than 10kph. 
Converting to MJ (1kcal=4.19kJ), then walking the 2km from Paddington to Imperial takes 
0.5 h and uses 115 kcal or 0.48 MJ. Similarly, cycling from experience, takes 12 minutes and 
also uses 290 x 0.2 = 58kcal or 0.24 MJ. In round figures these results indicate that for this 
mission cycling uses about half the energy of walking, a fact that coincides with experience 
and is more generally true. 
For car we use the figure of 3.1 MJ per passenger km taking into account upstream 
processing of fuel and assume that there is one occupant, so the 2.25 km journey needs 7 MJ. 
For underground trains 
[6]
 we note that at peak times London underground use 4.4 kwh or 
15.8 MJ per 100 passenger km, that is 0.158 MJ per passenger km and our 5.4 km journey 
will need 0.86 MJ. (In 2006–7, the total energy cost of all London’s underground trains, 
including lighting, lifts, depots, and workshops, was 15 kWh per 100 p-km
[6]
, about 3.5 times 
the value in the peak, giving some sense of the effect of passenger loading on energy per 
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passenger km figures). 
From the same source we learn that in 2006-7 the total energy cost of London buses was 32 
kWh per 100 passenger km or 1.15MJ/pass km, about twice the average figure given for 
London Underground above. Using this figure our 4.5 km bus journey will use 5.2 MJ. 
We now have to draw these together, using embedded energy for the cycle car, subway and 
bus, food conversion facts etc. and an allowance for walking to make another table like 
A1.3.2 to compare overall energy use. 
 
A1.3.3 Embedded energy in vehicles 
 
Chapter 5 described some of the difficulties encountered in apportioning an energy share 
between the use and the construction of the vehicle. For our purposes now we are making 
some approximations which we anticipate in advance will not be significant in our overall 
conclusions. 
A useful starting point is the energy calculator to be found in Environmental Life-cycle 
Assessment of Passenger Transportation 
[7]
. Using MJ/passenger km and energy used, we can 
obtain approximately 12% as the ratio of construction energy to traction energy for cars, and 
10% for both diesel buses and light trains. For cycles we estimate again 10%, allowing for a 
rather simple construction but a relatively low total lifetime distance travelled. We can now 
update the traction energy figures previously calculated, but adding these percentages and 
assuming all the construction energy is electrical which we must refer back to the power 
station. 
 
A1.3.4 Total energy: drawing it together 
In Table A1.3.2 below, all values are in MJ for the distances associated with each mode of 
transport defined in Table A1.3.1. The traction energy (TE) is that defined in A1.3.2 and in 
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the next column is referred by to source energy by using the food efficiency of 6.3% from 
section A1.1.or the power station efficiency of 30%: no correction has been made for well to 
wheel efficiency for the fuel for the car or bus. The embedded energy is calculated using the % 
figures for each mode discussed in A1.3.3, assumed to electricity referred back to the power 
station. For the bus and subway, the extra walking distances proportioned from the source TE 
value for walking, have been added. The final column is our estimate of the primary energy 
needed to make the Paddington Imperial College journey. 
Table A1.3.2. Estimates of the energy needed for the Paddington Imperial College journey 
(MJ) 
 
 TE from 
A1.3.2 
Source 
TE 
EE 
% TE 
Add 
walk 
Total 
Walk 0.48 7.6   7.6 
Cycle 0.24 3.8 0.08  3.9 
Car 7.0 7.0 2.3  9.3 
Bus 5.2 5.2 1.7 0.76 7.7 
Subway 0.86 2.9 0.29 1.9 5.1 
 
 
A1.3.5 Concluding remarks 
What, if anything, can we conclude? Cycling wins, but not by quite as much as we might 
expect, the subway does well, and would do even better if the additional walking element was 
not needed. The car is worst, the bus would be much better if it was more direct. Walking is 
good for health, but actually uses rather a lot of primary energy: however we have to eat and 
we have to burn off our excesses! 
It is unlikely that these conclusions would be significantly different even if we employed a 
much more detailed and sophisticated analysis. In making our simplified calculation we have 
clearly illustrated some of the complications and pitfalls of whole life energy analyses for 
transport. 
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Appendix 2: Calculation steps of the life cycle assessment of railway 
infrastructure in Chapter 5 
(1) The energy and carbon emissions embodied in construction materials 
                                                                 ∑
        
  
 
   
              
                                                                 ∑
        
  
 
   
              
Track  
Ballast track 
● Embodied energy in materials of per meter of ballast track per year 
                  ∑
        
  
 
   
 
 
                                         
                       
 
                                                        
                            
 
 
                                   
                     
 
                                   
                     
 
 
                          
                  
 
                          
                  
 
 
                                         
                       
 
= (60.2 × 36.8 × 2)/13 + (308 × 1.88 × 1.4)/24 + (1.65 × 24.6 × 1.4 × 4)/24 + (19.5 × 25 × 1.4 
× 2)/24 + (1680 × 0.1)/10 + (0.02 × 24.6 × 1.4 × 4)/24 + (600 × 0.1)/10 
=464 MJ/(m∙yr) 
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                 ∑
        
  
 
   
 
 
                                         
                      
 
                                                        
                           
 
 
                                   
                    
 
                                   
                    
 
 
                          
                 
 
                          
                 
 
 
                                         
                      
 
= (60.2 × 36.8 × 2)/38 + (308 × 1.88 × 1.4)/45 + (1.65 × 24.6 × 1.4 × 4)/45 + (19.5 × 25 × 1.4 
× 2)/45 + (900 × 0.1)/52 + (0.02 × 24.6 × 1.4 × 4)/45 + (600 × 0.1)/52 
=173 MJ/(m∙yr) 
● Embodied carbon in materials of per meter of ballast track per year 
                  ∑
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= (60.2 × 2.78 × 2)/13 + (308 × 0.283 × 1.4)/24 + (1.65 × 1.71 × 1.4 × 4)/24 + (19.5 × 1.91 × 
1.4 × 2)/24 + (1680 × 0.005)/10 + (0.02 × 1.77 × 1.4 × 4)/24 + (600 × 0.005)/10 
=37.0 kg CO2/(m∙yr) 
                 ∑
        
  
 
   
 
 
                                         
                      
 
                                                        
                           
 
 
                                   
                    
 
                                   
                    
 
 
                          
                 
 
                          
                 
 
 
                                         
                      
 
= (60.2 × 2.78 × 2)/38 + (308 × 0.283 × 1.4)/45 + (1.65 × 1.71 × 1.4 × 4)/45 + (19.5 × 1.91 × 
1.4 × 2)/45 + (900 × 0.005)/52 + (0.02 × 1.77 × 1.4 × 4)/45 + (600 × 0.005)/52 
=14.3 kg CO2/(m∙yr) 
Slab track 
● Embodied energy in materials of per meter of slab track per year 
                  ∑
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= (74 × 33.8 × 2)/22 + (1.02 × 102)/22 + (2.75 × 28)/82.5 + (1580 × 4.26)/82.5 + (86 
×1.6)/82.5 + (1200 × 4.6)/82.5  
= 383.2 MJ/(m∙yr) 
                 ∑
        
  
 
   
 
 
                                         
                      
 
                                                        
                           
 
 
                                   
                    
 
                                   
                    
 
 
                          
                 
 
                          
                 
 
 
                                         
                      
 
= (74 × 33.8 × 2)/49 + (1.02 × 102)/49 + (2.75 × 28)/103.5 + (1580 × 4.26)/103.5 + (86 
×1.6)/103.5 + (1200 × 4.6)/103.5 
= 224.7 MJ/(m∙yr) 
● Embodied carbon factor in materials of per meter of slab track per year 
                  ∑
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= (74 × 2.64 × 2)/22 + (1.02 × 3)/22 + (2.75 × 8.1)/82.5 + (1580 × 0.332)/82.5 + (86 
×1.36)/82.5 + (1200 × 0.095)/82.5  
= 27.3 kg-CO2/(m∙yr) 
                 ∑
        
  
 
   
 
 
                                         
                      
 
                                                        
                           
 
 
                                   
                    
 
                                   
                    
 
 
                          
                 
 
                          
                 
 
 
                                         
                      
 
= (74 × 2.64 × 2)/49 + (1.02 × 3)/49 + (2.75 × 8.1)/103.5 + (1580 × 0.332)/103.5 + (86 
×1.36)/103.5 + (1200 × 0.095)/103.5  
= 15.6 kg-CO2/(m∙yr) 
(2) The fuel consumption of machinery used in construction 
                                                                 ∑
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                                                                 ∑
      
  
 
   
           
Where, Vi is the volume of fuel consumed, Fei is the embodied energy in unit volume of the 
fuel, Fci is the embodied energy in unit volume of the fuel, Li is the service life of the 
corresponding component, n is the total types of components. 
Ballast track 
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= [(132+717+210) × 39.6/38 + 11491 × 39.6/52 + 7.2 × 39.6/45 + (2.1+9+9+18+27+255) × 
32.4/38 + 514 × 32.4/52 + 6.7 × 32.4/38] /1000 
=10.5 MJ/(m∙yr) 
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= [(132+717+210) × 2.6008/38 + 11491 × 2.6008/52 + 7.2 × 2.6008/45 + 
(2.1+9+9+18+27+255) × 2.2144/38 + 514 × 2.2144/52 + 6.7 × 2.2144/38]/1000 
=0.69 kg-CO2/(m∙yr) 
Slab track 
                                                               ∑
      
  
 
   
 
 
                    
      
 
                  
      
 
                   
      
 
                  
        
 
 
                    
         
 
                      
      
 
                       
      
 
 
                        
      
 
                  
      
 
                   
      
 
                      
      
 
= [(138+749+219) × 39.6/49 + 26 × 39.6/103.5 + (2.1+9.2+9.2+18.4+27.6+260) × 32.4/49 + 
6.8 × 32.4/49]/1000 
= 1.12 MJ/(m∙yr) 
                                                               ∑
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= [(138+749+219) × 2.6008/49 + 26 × 2.6008/103.5 + (2.1+9.2+9.2+18.4+27.6+260) × 
2.2144/49 + 6.8 × 2.2144/49]/1000 
= 0.074 kg-CO2/(m∙yr)   
(3) Energy and emissions in transportation arising from construction 
                                                                
   
                        
                    
                                                                 
                                                                                                   ⁄  
Ballast track 
● Embodied energy in transportation in per meter of ballast track per year 
High traffic load 
   
                                  
                    
                                  
                                                                                                ⁄  
= [(2845/2)/3500 × 11.67 × 200 + (2845/2)/1000 × 0.26× 200]/16 
=64 MJ/(m∙yr) 
Low traffic load 
   
                                 
                    
                                  
                                                                                               ⁄  
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= [(2008/2)/3500 × 11.67 × 200 + (2008/2)/1000 × 0.26× 200]/45 
=16 MJ/(m∙yr) 
● Embodied carbon in transportation in per meter of ballast track per year 
High traffic load 
   
                                  
                    
                             
                                                                                           ⁄  
= [(2845/2)/3500 × 0.91 × 200 + (2845/2)/1000 × 0.02× 200]/16 
=5.0 kg-CO2/(m∙yr) 
Low traffic load 
   
                                 
                    
                             
                                                                                        ⁄  
= [(2008/2)/3500 × 0.91 × 200 + (2008/2)/1000 × 0.02× 200]/45 
=1.2 kg-CO2/(m∙yr) 
Slab track 
● Embodied energy in transportation in per meter of slab track per year 
High traffic load 
   
                                  
                    
                                  
                                                                                                ⁄  
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 = [(1944/2)/3500 × 11.67 × 200 + (1944/2)/1000 × 0.26× 200]/52 
=13.4 MJ/(m∙yr) 
Low traffic load  
   
                                 
                    
                                  
                                                                                               ⁄  
= [(1944/2)/3500 × 11.67 × 200 + (1944/2)/1000 × 0.26× 200]/76 
=9.2 MJ/(m∙yr) 
● Embodied carbon in transportation in per meter of slab track per year 
High traffic load  
   
                                
                    
                             
                                                                                           ⁄  
= [(1944/2)/3500 × 0.91 × 200 + (1944/2)/1000 × 0.02× 200]/52 
=1.0 kg-CO2/(m∙yr) 
Low traffic load  
   
                                 
                    
                             
                                                                                        ⁄  
= [(1944/2)/3500 × 0.91 × 200 + (1944/2)/1000 × 0.02× 200]/76 
=0.72 kg-CO2/(m∙yr) 
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